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PREFACE 


During  the  past  several  years,  a  number  of  optical  fiber  measurement  systems  have  been 
developed  at  the  National  Bureau  of  Standards.  This  book  is  the  second  volume  of  a  series 
intended  to  describe  the  design  and  performance  of  these  systems.  Volume  1  includes  a 
description  of  systems  to  measure  backscatter,  bandwidth  (time  domain),  and  index  profile 
(refracted  near  field);  Volume  2  covers  attenuation,  bandwidth  (frequency  domain),  and 
radiation  patterns.  Chapters  describing  these  systems  are  minor  revisions  of  former  NBS 
Technical  Notes,  many  of  which  are  now  out  of  print.  Each  chapter  contains  a  brief  tutorial 
on  the  particular  subject  and  a  detailed  description  of  the  system.  This  level  of 
engineering  detail  is  not  usually  found  in  other  books  on  the  subject. 

The  appendix  of  this  volume  contains  a  glossary  of  optical  fiber  terms  and  is  a  reprint 
of  NBS  Handbook  140  (1982)  which  is  now  out  of  print.  The  following  individuals  were 
contributors  to  that  handbook:  A.  G.  Hanson,  L.  R.  Bloom,  A.  H.  Cherin,  G.  W.  Day,  R.  L. 
Gallawa,  E.  M.  Gray,  C.  Kao,  F.  P.  Kapron,  B.  S.  Kawasaki,  P.  Reitz,  and  M.  Young.  The 
reader  should  be  cautioned  that  terminology  continually  evolves  and  this  glossary  will 
undoubtedly  undergo  change  as  new  terms  are  added  and  others  revised.  However,  the  glossary 
does  represent  a  several -year  effort  by  many  in  the  industry  and  is  currently  the  best 
avai lable. 

The  authors  would  like  to  thank  M.  E.  DeWeese  for  preparing  the  manuscript  and 
providing  editorial  assistance.  Partial  support  for  the  work  reported  here  was  provided  by 
the  Department  of  Defense,  Calibration  Coordination  Group  (CCG). 

Boulder,  Colorado 
1983 
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ABSTRACT 


This  is  the  second  volume  of  a  series  intended  to  describe  optical  fiber  measurement 
systems  developed  at  the  National  Bureau  of  Standards.  The  topics  covered  in  this  volume 
are  attenuation,  bandwidth  (frequency  domain),  and  far-field  near-field  radiation  patterns. 
Each  chapter  includes  a  tutorial  section  and  a  detailed  description  of  the  apparatus.  The 
volume  concludes  with  a  glossary  of  optical  communications  terms. 

Key  words:    attenuation;  bandwidth;  core  diameter;  far  field;  measurements;  near  field; 
optical  fiber. 
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Chapter  1 


Measurement  of  Multimode 

R.  L.  Gallawa 
G.  E.  Chamberlain 
G.  W.  Day 
D.  L.  Franzen 
M.  Young 


Optical  Fiber  Attenuation 


This  document  is  one  of  a  series  which  describes  optical  fiber  measurement  capabilities 
at  the  National  Bureau  of  Standards.  We  concentrate  here  on  the  measurement  of  attenuation 
of  multimode,  telecommunication-grade  fibers  for  the  wavelength  range  of  850  nm  to 
1300  nm.  The  document  begins  by  discussing  the  need  for  restricted  launch  conditions,  the 
most  fundamental  and  crucial  aspect  of  precise  attenuation  measurements.  The  limited  phase 
space  launch  (also  called  the  beam  optics  launch)  and  the  mode  filter  launch  are 
discussed.  Attention  then  turns  to  the  practical  matter  of  ensuring  that  the  conditions  of 
the  restricted  launch  are  met.  Discussions  of  system  noise  and  system  linearity  are  also 
included.  The  document  describes  measurement  procedure  and  results  obtained  in  the 
laboratory  using  three  typical  fibers.  Results  are  presented  for  the  two  wavelengths  of 
current  interest:  850  nm  and  1300  nm.  The  procedures  are  applicable  to  any  wavelength, 
however.  The  document  touches  briefly  on  the  matter  of  monomode  fibers.  Finally,  a  summary 
of  the  results  from  an  interlaboratory  comparison  are  presented  to  give  perspective  to  the 
stability  of  a  fiber  subjected  to  handling  and  shipping. 


1 


CONTENTS 


Page 

1.  INTRODUCTION   3 

2.  LAUNCH  CONDITIONS  .   7 

2.1  Phase  Space   8 

2.1.1    A  Summary  of  Phase  Space  Concepts   18 

2.2  LPS  Launch   20 

2.3  Mode  Filter  Launch    22 

3.  COMPONENT  AND  SYSTEM  VARIABILITIES   26 

3.1  Spot  Size  and  Launch  Numerical  Aperture   27 

3.2  Mode  Filter  Qualification   34 

3.3  Component  Linearity   37 

3.4  System  Linearity   37 

3.5  System  Noise   38 

3.6  Detector  Uniformity   39 

3.7  Measurement  Procedure   40 

3.8  Some  Results   44 

4.  MEASUREMENT  COMPARISONS  AND  RESULTS   44 

4.1  Participants  and  Instructions   44 

4.2  Comparison  Results   46 

4.3  Attenuation  Measurements  in  High-DMA  Fibers   50 

4.4  Summary  of  Interlaboratory  Comparisons   52 

5.  REFERENCES   53 

APPENDIX  A.     MODE  VOLUME  AND  LIMITED  PHASE  SPACE   55 


2 


1.  INTRODUCTION 


Two  operational  parameters  are  basic  to  the  utility  of  any  transmission  line:  attenua- 
tion and  bandwidth.  These  two  determine  repeater  spacing  and  ultimate  cost  of  a  telecom- 
munication network.  Both  must  be  characterized  because  either  attenuation  or  bandwidth  may 
limit  the  range-bandwidth  product  of  a  communication  link;  the  range-bandwidth  product  is 
the  most  frequently  used  measure  of  performance  and  cost.  Full  exploitation  of  system  com- 
ponents depends  on  an  understanding  of  which  parameter  (bandwidth  or  attenuation)  is 
restricting  system  capability. 

The  techniques  described  in  this  document  are  applicable  to  all  wavelengths  of  interest 
for  telecommunications.  The  measurements  reported  on,  however,  were  done  at  only  850  nm  and 
1300  nm.  The  system  uses  an  incandescent  strip  filament  light  source  in  conjunction  with 
interference  filters  for  wavelength  selection.  Thus,  it  is  amenable  to  measurement  at  dis- 
crete wavelengths. 

We  restrict  attention  to  telecommunications-quality  graded-index  multimode  fibers. 
Such  fibers  have  a  nominally  50  ym  core  diameter  and  the  refractive  index  profile  is  care- 
fully controlled.  Usually  the  profile  is  nearly  parabolic,  yielding  high  bandwidth.  The 
loss  in  telecommunication-grade  fibers  is  as  low  as  practical.  Fibers  used  in  short- 
distance  applications  or  LAN  (local  area  networks)  are  frequently  large  core  fibers  and 
often  have  a  step  index  profile.  The  attenuation  is  less  important  than  it  is  for  long  haul 
fibers.  Even  if  the  fibers  used  in  the  two  applications  (long  and  short  distances)  were 
identical,  the  philosophy  behind  the  measurement  technique  would  undoubtedly  be  different  in 
the  two  cases.  For  long  distance  fibers,  the  measured  value  of  attenuation  should  be 
indicative  of  the  attenuation  experienced  in  a  long  link.  Likewise,  the  attenuation  meas- 
ured for  a  short  distance  fiber  should  be  representative  of  the  attenuation  experienced  in  a 
typical  short  distance  application.  The  modal  power  distribution  at  launch  is  important  to 
the  measured  value  of  attenuation  in  each  case. 

The  philosophy  of  improving  measurement  precision  by  restricting  the  launch  is  inti- 
mately related  to  the  excitation  of  high-loss  modes,  including  leaky  modes.  The  concept  is 
distinctly  different  in  graded-index  and  step-index  fibers.  By  uniformly  illuminating  the 
fiber  core  using  a  limited  launch  numerical  aperture,  one  avoids  the  excitation  of  high- 
order  and  leaky  modes  of  a  step-index  fiber.  This  is  not  true  when  the  fiber  has  a  graded 
refractive  index  because  the  local  numerical  aperture  of  the  fiber  is  a  function  of  radial 
position. 

A  launch  condition  that  works  well  for  step-index  fibers  may  not  work  well  for  graded- 
index  ones.  The  converse  is  also  true:  a  launch  condition  that  yields  usable  results  for  a 
graded-index  fiber  may  not  be  the  most  suitable  one  for  step-index  fibers.  The  reported 
attenuation  must  be  meaningful   in  the  context  of  its  application.     Short-haul   links  using 
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LED  (light-emitting  diode)  sources  are  not  considered  in  this  document.  We  are  concerned 
here  with  the  characterization  of  fibers  in  a  way  that  will  be  useful  in  predicting  the 
performance  of  a  telecommunication  link,  which  may  include  concatenated  fibers. 

Monomode  fibers,  though  not  considered  in  this  document,  are  important  in  high  capa- 
city, long  haul  systems,  where  attenuation  is  more  likely  to  be  the  limiting  parameter  in 
system  design.  Launch  conditions  are  simpler  for  monomode  fibers  since  only  the  fundamental 
mode  will  propagate.  A  mode  filter  or  limited  launch  numerical  aperture  is  therefore  not 
necessary.  The  fiber  will  support  two  orthogonal  polarization  states  and  this  may  be  a 
source  of  inaccuracy  if  the  light  is  polarized.  Coupling  between  the  polarization  states  of 
the  fiber  may  be  difficult  to  control.  Furthermore,  the  attenuation  coefficient  is  differ- 
ent for  the  two  states.  The  problems  associated  with  the  birefringence  of  the  fiber  are 
especially  important  in  systems  that  are  phase  sensitive.  A  meaningful  characterization  of 
the  monomode  fiber  is  difficult  in  that  case. 

Fiber  attenuation  is  the  diminution  of  average  optical  power,  measured  in  decibels. 
The  rate  of  diminution,  with  respect  to  distance,  is  known  as  the  attenuation  coefficient 
for  the  fiber,  usually  denoted  by  a,  and  is  specified  in  decibels/kilometer.  If  a  is  cons- 
tant, the  attenuation  of  a  length  L  of  fiber  is 


aL(dB)  =  -10  log  [P(L)/P(0)],  (1) 

where  P(L)  is  the  power  at  distance  L  from  the  reference  position  where  the  power  is  P(0) 
and  log  indicates  the  common  logarithm.  In  practice,  the  attenuation  coefficient  varies 
with  distance  and  operating  wavelength,  \.  The  parameter  of  interest,  then,  is  the  average 
attenuation  of  the  fiber,  as  found  from  eq  (1),  where 

,  a(z,A)dz 
~'  10 

^1  =  10    °  (2) 

P(o,x)  [  ' 

The  obvious  method  of  measuring  attenuation,  then,  is  as  follows:  power  reaching  a  detector 
through  two  different  lengths  of  fiber  (L  ,  L  )  is  measured  for  the  operating  wavelength  of 
interest.    The  average  attenuation  coefficient  is 

10  P(L0» 

In  this  form,  attenuation  is  positive  if  L1  >  L  . 

For  graded-index  multimode  fibers,  the  utility  of  such  a  measurement  depends  on  how 
power  was  launched  into  the  fiber.  The  transmitted  power  resides  in  a  finite  number  of 
modes,  and  different  modes  have  different  attenuation  coefficients.  Thus,  the  measured 
average  attenuation  of  a  multimode  fiber  depends  on  the  relative  amount  of  power  in  each 
mode.     At  launch,  the  relative  power  depends  on  launch  conditions.    A  small  LD  (laser  diode) 
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Figure  1.    Loss  in  a  4  km  length  of  parabolic  profile 
fiber.       Launch    NA    =    0.1    in    each  case 


Fiber  Length,  km  (after  ref.  1). 

may  launch  its  power  into  the  center  region  of  the  fiber  but  overfill  the  fiber  numerical 
aperture.  An  LED  has  a  broad  angular  radiation  pattern  and  large  size  so  it  excites  all 
modes  more  or  less  uniformly.  Clearly,  the  attenuation  measured  using  an  LED  source  is 
different  from  that  measured  using  an  LD.  This  difference  in  attenuation  disappears  after 
the  fiber  reaches  the  steady-state  or  condition  of  equilibrium  modal  power  distribution,  in 
which  case  the  relative  power  in  the  various  modes  is  independent  of  length.  Thus,  the 
modal  power  distribution  at  the  output  is  independent  of  the  modal  power  distribution  at 
input.  The  equilibrium  condition  is  achieved  beyond  a  certain  propagation  distance  called 
the  equilibrium  length.  The  condition  is  reached  after  the  high-loss  modes  have  been 
attenuated  or  coupled  into  modes  which  have  less  attenuation.  In  the  steady-state 
condition,  intermodal  coupling  is  in  equilibrium,  so  power  coupled  from  one  mode  to  the 
others  is  just  compensated  by  differential  attenuation  and  power  coupled  in  the  opposite 
direction.  The  effect  of  an  equilibrium  modal  power  distribution  is  shown  in  figure  1 
(after  ref.  1)  which  shows  the  result  of  length-dependent  measurements  on  a  4  km  length  of 
parabolic  profile  fiber  at  800  nm  and  1060  nm.  The  launch  numerical  aperture  is  0.10  in 
each  case.  Steady  state  appears  to  be  reached  after  about  2  km.  For  shorter  lengths,  the 
attenuation  coefficient  is  higher  than  the  steady-state  value;  this  can  be  attributed  to  the 
presence  of  high-loss  modes.  The  slope  of  the  curve  at  any  point  gives  the  local  attenua- 
tion coefficient.  The  slope  (attenuation  coefficient)  in  the  first  kilometer  of  fiber  is 
significantly  higher  than  in  the  fourth  kilometer  of  the  same  fiber.  This  figure  illus- 
trates, then,  the  need  for  launch  conditions  which  create  the  desired  power  distribution 
and,  hence,  lead  to  attenuation  values  that  are  typical  of  long  fibers. 


More  recent  results  show  a  similar  trend  but  the  distance  required  to  reach  steady 
state  is  considerably  reduced  [2].  Recent  data  confirm  that  differential  mode  attenuation 
is  considerably  less  today  than  it  was  just  a  few  years  ago.  Furthermore,  differential  mode 
attenuation  is  a  function  of  operating  wavelength,  so  the  distance  required  to  reach  steady 
state  changes  with  a  change  in  operating  wavelength. 

The  two  launch  conditions  used  in  this  report  are  the  LPS  (limited  phase  space)  launch 
(also  called  the  beam  optics  launch)  and  the  mode  filter  launch.  In  the  first,  the  launch 
spot  size  and  the  launch  numerical  aperture  are  adjusted  to  be,  respectively,  70  percent  of 
the  fiber  core  size  and  70  percent  of  the  fiber  numerical  aperture.  The  condition  is  there- 
fore also  referred  to  as  the  70/70  launch  condition.  The  LPS  launch  apparatus  is  more  com- 
plicated than  the  mode  filter  launch  because  the  apparatus  must  allow  for  independent 
adjustment  of  launch  spot  size  and  launch  angle.  The  product  of  launch  spot  size  and  launch 
angle  is  related  to  phase  space  volume,  discussed  in  section  2.1. 

The  mode  filter  launch  calls  for  launch  spot  size  and  launch  angle  larger  than  fiber 
core  size  and  fiber  numerical  aperture.  The  launch  optics  can  therefore  be  rather  simple. 
The  overfilled  fiber  is  subjected  to  a  filter,  the  purpose  of  which  is  to  establish  a  modal 
power  distribution  that  approximates  the  modal  power  distribution  at  the  end  of  a  long  fiber 
without  the  filter.  The  mode  filter  is  deemed  appropriate  if  a  short  length  of  the  test 
fiber  which  is  subjected  to  the  filter  produces  a  far-field  radiation  pattern  that  is  simi- 
lar (within  tolerance)  to  that  of  the  long  test  fiber  without  the  filter. 

Details  on  the  two  launch  conditions  are  given  in  section  2. 

The  problems  discussed  here  are  not  applicable  to  monomode  fibers,  where  the  optical 
size  of  the  fiber  is  so  small  that  only  a  single  mode  can  propagate. 

Since  the  strength  of  intermodal  coupling  influences  the  attenuation  of  the  fiber,  the 
environment  can  affect  the  measured  attenuation.  The  loss  value  assigned  to  an  uncabled 
fiber  may  not  be  appropriate  to  the  cabled  fiber.  Likewise,  the  loss  of  an  uncabled  fiber 
on  a  spool  depends  on  how  tightly  the  fiber  is  wrapped  around  the  spool. 

For  purposes  of  fiber  specification  (i.e.,  for  purposes  of  trade  and  commerce)  it  is 
important  that  the  attenuation  assigned  to  a  fiber  be  of  practical  use.  When  fibers  are 
concatenated,  the  attenuation  of  the  resulting  link  should  be  predictable  from  the  specified 
attenuation  of  individual  fiber  sections.  That  is  the  crux  of  the  attenuation  measurement 
problem. 

In  this  report,  we  discuss  specific  details  of  a  meaningful  measurement  technique. 
Before  proceeding,  however,  we  note  that  the  mode  coupling  discussed  above  has  a  beneficial 
effect  on  fiber  bandwidth  as  well.  Different  modes  have  different  phase  and  group  veloci- 
ties, as  well  as  different  attenuations.  The  duration  of  a  pulse  increases  as  it  propagates 
in  a  multimode  fiber.    The  increased  duration  results  from  different  group  velocities  of  the 
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Figure  2.    Attenuation  coefficient  as  a 
function  of  input  plane  wave 
angle  at  632.8  nm  (after 
ref.  5). 


Figure  3.    Symbolic  representation  of  0.28 
NA  fiber  waveguide  attenuation 
at  800  nm  as  a  function  of  mode 
number.     Mode  number  was  altered 
by  changing   launch  spot  position 
but    not    launch    angle.  Launch 
angle  is  0  (after  ref.  6). 


different  modes.  Initially,  pulse  duration  usually  increases  linearly  with  distance,  but 
for  lengths  exceeding  the  equilibrium  length,  the  pulse  duration  may  increase  more  slowly 
with  distance,  approaching  I1'2  variation  in  some  cases  [3,4], 


2.    LAUNCH  CONDITIONS 

That  different  modes  have  different  attenuation  coefficients  is  intuitive.  Figures  2 
and  3  [5,6]  give  experimental  evidence  to  support  the  allegation.  Figure  2  shows  the 
attenuation  coefficient  as  a  function  of  input  launch  angle  for  a  step-index  fiber  at 
6328  nm.  The  high-order  modes  associated  with  the  steep  input  angles  show  a  very  high 
attenuation  per  unit  length.  In  contrast,  the  low-order  rays  have  fairly  uniform  attenua- 
tion. Clearly  then,  the  input  launch  condition  plays  an  important  role  in  the  measured 
attenuation.  Figure  3  is  symbolic  of  the  attenuation  coefficient  as  a  function  of  normal- 
ized mode  number  at  800  nm  for  a  graded  fiber  having  0.28  NA.  Both  scattering  and  absorp- 
tive loss  have  been  accounted  for  in  this  curve  [6].  In  the  figure,  M  is  the  mode  volume  of 
the  fiber  or  the  total  number  of  modes  the  fiber  will  support  (cf.  appendix  A),  m  is  the 
counting  index  that  identifies  the  mode  number. 

A  complete  description  of  modal  properties  and  how  those  properties  influence  fiber 
attenuation  is  beyond  the  scope  of  this  manuscript.  The  reader  is  referred  to  the  refer- 
ences for  additional  details  [7].  For  our  purposes,  we  concentrate  on  the  launch  conditions 
and  how  those  conditions  influence  the  excitation  of  various  modes.    To  that  end,  we  digress 
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briefly  to  discuss  the  concept  of  phase  space.  That  concept  is  fundamental  to  one  of  the 
two  launch  conditions  discussed  in  this  document.  Those  conditions  are  discussed  later  in 
this  section. 


2.1    Phase  Space 

The  concept  of  phase  space  is  basic  to  the  limited  phase  space  launch  condition.  In 
this  section,  we  give  some  basic  definitions  and  connecting  relationships  that  lend  credence 
to  the  proposition  that  the  LPS  launch  is  a  reasonable  one  to  use.  The  reader  who  is  not 
interested  in  these  connecting  relationships  can  skip  directly  to  section  2.2  or  he  may 
pause  to  read  the  summary  paragraphs  in  section  2.1.1. 

Phase  space  and  its  relationship  to  the  problem  of  coupling  optical  energy  to  and  from 
a  source  is  understood  by  noting  first  that  a  light  ray  has  "momentum"  which  depends  on  its 
position  and  direction.  If  the  optical  axis  is  the  z-axis  of  a  rectangular  (x,y,z)  coordi- 
nate system,  the  momentum  of  the  ray  depends  on  x,  y,  dx/ds  and  dy/ds,  where  x,y  is  its 
location  and  ds  is  its  incremental  distance  along  the  ray  path.  In  particular,  the  momenta 
in  the  x  and  y  directions  are 


where  n  is  the  refractive  index  at  x,  y  and  may  be  a  function  of  position.  Figure  4  shows  a 
typical  light  ray  and  its  angle  with  respect  to  the  axial  (z)  direction.     In  this  case, 


p    =  n  dx/ds, 


(4a) 


py  =  n  dy/ds, 


(4b) 


a 


y 


Figure   4.    A  typical    light    ray   and   angles   in  a 
rectangular  coordinate  system. 
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px  =  n  sin  a, 


(5a) 


p    =  n  sin  3. 


(5b) 


The  physical  state  of  a  ray  is  completely  specified  by  the  four  variables  x,  y,  px,  p  . 
These  four  variables  define  a  four-dimensional  space  called  the  phase  space.  The  position 
of  a  ray  in  phase  space  has  a  one-to-one  relationship  with  its  trajectory  in  physical  space. 

The  power  coupled  into  a  fiber  mode  depends  on  the  trajectory  of  the  launch  ray  so  it 
is  not  surprising  that  these  concepts  should  be  encountered  in  a  discussion  of  restricted 
launch  conditions.  Indeed,  the  efficiency  of  coupling  between  fibers  or  between  a  fiber  and 
a  terminal  device  (e.g.,  a  light  source)  is  characterized  by  the  phase  space  match.  The 
conservation  of  radiance,  for  example,  is  a  manifestation  of  this  concept,  as  will  be  seen 
below.  For  the  purpose  of  measuring  fiber  attenuation,  we  seek  to  establish  a  launch  condi- 
tion for  which  the  phase  space  matches  the  phase  space  desired  in  the  fiber. 

Optical  coupling  depends  on  the  density  of  points  in  phase  space.  Each  ray  in  a  bundle 
of  rays  is  represented  by  a  point  in  phase  space,  and  the  collection  of  rays  in  the  bundle 
corresponds  to  a  volume  (denoted  in  phase  space.  As  the  ray  bundle  moves  through  physi- 
cal space,  the  direction  and  location  of  the  rays  change;  this  corresponds  to  a  change  in 
location  of  the  various  points  in  phase  space.  The  density  of  points  p  is  the  number  of 
points  per  phase  space  volume.  One  form  of  Liouville's  theorem  [8]  demands  that  neither  the 
density  of  points  in  phase  space  nor  the  phase  space  volume  can  change  with  axial  direction; 
i.e.,  dp/dz  =  0,  dij;/dz  =  0. 

Normally,  and  not  unexpectedly,  the  density  is  defined  in  terms  of  the  incremental 
power,  dP,  in  an  increment  of  phase  space  volume  d\j>. 


This  equation  shows  that  radiance  is  proportional  to  density,  as  will  be  seen.  The  total 
power  (or,  equi valently,  the  total  number  of  rays)  is  found  by  integrating  over  phase  space: 


Figure  5  shows  the  relationship  between  the  differential  volume  element  in  phase  space 
and  the  product  of  differential  area  and  differential  solid  angle  in  physical  space.  The 
area  dxdy  is  normal  to  the  z-axis  and  could  represent  a  source  radiating  into  the  right-half 
plane.    The  figure  shows  that 


P  =  dP/dip. 


(6) 


P  =    /  dP  =  /pd^  =  JP  dxdydp  dp  . 

x  y 


(7) 


n  sin  a, 


(8a) 


p    =  n  cos  a  sin  y  =  n  sin  B, 


(8b) 
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Figure    5.  Illustrating    angles    and    areas    used  to 
discuss  phase  space. 


dpx  =  n  cos  a  da,  (8c) 
dPy  =  n  cos  a  cos  y  dy  =  n  cos  3  dp.  (8d) 
The  differential  volume  in  the  plane  z  =  0  is 

d^  =  dxdy  n2  cos2  a  cosy  da  dy.  (9) 
The  projection  of  the  source  normal  to  the  ray  is 

da  =  dxdy  cosa  cosy  =  rda  r  cos  a  dy.  (10) 
The  solid  angle  encompassed  by  da  is  therefore 

do.  =  da/r2  =  cos  a  dady.  (11) 

Thus, 

dty  =  n2  dxdy  dft  cosa  cosy  =  n2  da  dft,  (12) 
where  da  is  normal  to  the  ray. 
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This  important  connecting  relationship  between  phase  space  and  the  product  of  area  and 
solid  angle  is  fundamental  to  one  of  the  launch  conditions  used  to  measure  attenuation.  The 
relationship  is  a  manifestation  of  the  conservation  of  radiance,  since 


dP  _  dP  l_ 
d\\>     n2da  da  n2 


(13) 


where  radiance  L  is,  by  definition, 


L  =  dTS?  (14) 


The  requirement  dp/dz  =  0  is  equivalent,  then,  to  the  conservation  of  radiance: 

1  &  -  °-  (15» 

The  concept  of  a  LPS  (limited-phase  space)  launch  is  based  on  eq  (12)  and  the  require- 
ment that  only  bound  modes  having  "reasonable"  loss  values  should  be  launched  when  measuring 
attenuation.  This  leads  to  measured  values  that  are  reproducible  (precise)  and  more  or  less 
independent  of  the  person  who  made  the  measurement.  The  LPS  launch  calls  for  a  launch  spot 
size  equal  to  70  percent  (actually,  /0. 5)  of  the  fiber  core  diameter  and  a  launch  numerical 
aperture  equal  to  70  percent  (actually,  /0.5)  of  the  fiber  numerical  aperture  [9].  The 
reason  for  this  selection  is  related  to  the  power-accepting  properties  of  a  fiber  and  the 
concept  of  fiber  NA  (numerical  aperture).  To  examine  the  relationship  between  fiber  NA  and 
phase  space,  consider  the  following. 

The  concept  of  fiber  NA  becomes  slightly  complex  when  leaky  rays  are  considered  [10]. 
A  leaky  ray  (or,  correspondingly,  a  leaky  mode)  is  one  for  which  geometric  optics  would  pre- 
dict total  internal  reflection  at  the  core-cladding  boundary,  but  which  suffers  loss  by  vir- 
tue of  the  curved  core  boundary.  Specifically,  a  leaky  ray  is  a  ray  located  at  radial  posi- 
tion r  and  having  direction  such  that 

9/  \       oi  \       •  o    i  \  n2(r)  -  n2(a)  ,ir  > 

n*(r)  -  «*(•)  <  s,n2  e(r)  <  ;  -  (^)2  (16a) 

where  0(r)  is  the  angle  the  ray  makes  with  the  waveguide  axis,  n(r)  is  the  r-dependent 
refractive  index,  a  is  the  core  radius,  and  <f>(r)  is  the  azimuthal  angle  of  the  projection  of 
the  ray  on  the  transverse  plane  [11].    A  bound  ray  is  one  for  which 

0  <  sin2(0)  <  n2(r)  -  n2(a).  (16b) 


Figure  6  shows  a  ray  in  a  fiber;  the  angles  appearing  in  eq  (16)  are  shown,  as  are  other 
angles,  as  well  as  the  radial,  azimuthal,  and  axial  components  of  the  wave  vector  k  (kp,  k^, 
kz  =  3);  kQ  is  the  wave  number  in  free  space.  Skew  rays  correspond  to  <j>  <  tt/2;  meridional 
rays  correspond  to  <\>  =  it/2.  Meridional  rays  always  traverse  the  fiber  axis  while  skew  rays 
never  do. 
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Cladding 
(n2> 


Figure  6.  A  typical  light  ray 
and  angles  in  a 
f  i  ber. 


If  leaky  rays  are  included,  the  local  numerical  aperture  of  a  fiber  (which  determines 
whether  or  not  an  incident  ray  is  accepted)  is  defined  as 


NA  =  (NA) 


1  -  (r/a) 


1  -  (r/a)2  cos2<}> 


1/2 


(17) 


where 


(NA)    =  (n2  .  n2)1/2 

0  i  2 


(18) 


and  g  is  the  power-law  profile  parameter;  i.e.,  it  is  assumed  that 

n(r)  =  n  [1  -  2A(r/a)9]1/2, 


(19) 


where  nx  is  the  refractive  index  at   r  =  0;  a  is  the  contrast,   specifying  the  difference 


between  n(0)  and  n(a)  =  n2.     If  $  =  tt/2, 
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NAW/2  =  (NA)0[1  '  (r/a)9^/2-  (2°) 

The  power  accepted  by  the  fiber  at  any  point  on  the  core  is  proportional  to  the  square 
of  the  numerical  aperture.  The  equation  for  (NA)2  is  the  equation  of  an  ellipse,  which 
degenerates  to  a  circle  at  r  =  0.    The  ellipse  has  semi -major  axis 

<->„  if^*1/2. 

and  semi -mi nor  axis 

(NA)Q[1  -  (r/a)gj1/2.  (22) 

The  area  of  the  ellipse  is  proportional  to  the  product  of  these  two  axes: 

Area  =  tt(NA)2   1  "  ^^.p.  (23) 

°  [1  -  (r/a)2]17' 

At  r  =  0,  the  circle  that  describes  NA  has  area  it(NA)2.  The  ratio  of  the  two  areas  is  the 
ratio  of  power  accepted  by  the  fiber  at  radius  r  to  that  accepted  at  r  =  0: 

P(r)         1  -  (r/a)9 


P(0)  "  [1  -  (r/a)2]1/2* 


(24) 


This  result  can  also  be  obtained  from  the  phase  space  representation  using  the  notation  of 
figure  6.    For  the  circular  cylindrical  system 

d\j>  =  dA  sine  cose  de  d<j>,  (25a) 

where  dA  is  the  incremental  area  on  the  fiber  core.  The  fiber  near  field,  as  given  in 
eq  (24),  is  obtained  by  integrating  dip/dA  over  all  angles: 

tt/2       B  (r,*) 
/     d<|>  /  sin  6  cos  8  de 


P(r)  o 


where  in  the  numerator, 


P(0)       tt/2       e  (O.tt/2) 

/     d<j>  /  sin  e  cos  6  de 


sin2e  (r,«,)  -  n2(r)  "  n2(a) 


(25b) 


(25c) 


and  in  the  denominator, 


cv  1  -  (r/a)2  cos2 

sin2  ec(0,Tr/2)  =  n2(0)  -  n2(a)  =  n2  -  nj 
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(25d) 


Telecommunication-grade  multimode  fibers  have  parabolic  (or  nearly  parabolic)  profiles,  so  g 
=  2.    In  that  case,  the  near  field  becomes 


If  leaky  rays  are  excluded, 


y$   =  /I  -  (r/a)2.  (26a) 


P(r)  . 


P(0) 


=  1  -  (r/a)2.  (26b) 


The  far  field  of  the  fiber  can  be  obtained  similarly  from  eq  (25b)  by  again  assuming 
all  modes  are  equally  excited  and  g  =  2: 

TtKtV  =    /  /  RdR  d<f>> 

where  R  =  r/a  and,  for  leaky  and  guided  rays, 

1  -  [sine/(NA)  ]2 

R2(e,4>)  =   °—  .  (27a) 

1  -  [sine/(NA)  ]  cos24. 
o 


When  leaky  rays  are  excluded, 


R2(e,<}>)  =  1  -  [sin9/(NA)o]2.  (27b) 


For  g  =  2,  the  fiber  far  field  is 


P(8)  _        rsine  ^2  ( 

w>     [wr0]  (  ] 

for  bound  modes  only  and 

P(e)  r i  rsine  x2il/2  ,?Rhx 
PW  "  [       [WT0]  J  (  ] 

when  leaky  rays  are  included. 

The  LPS  launch  calls  for  a  uniform  launch  spot  of  specified  size  and  specified  launch 
angle.  These  conditions  can  be  put  into  perspective  by  using  the  concepts  discussed  here. 
Consider  a  uniform  spot  of  diameter  rQ  focused  onto  the  end  of  a  fiber  core  having  diameter 
a.  The  launch  angle  with  respect  to  the  fiber  axis  is  eQ.  The  power  that  the  spot  launches 
into  the  fiber  can  be  found  using  eqs  (7),  (12),  and  (13).  The  radial  and  azimuthal 
coordinate  variables  in  the  plane  of  the  fiber  end  face  (or  spot)  are  taken  to  be  r,  £. 
Incremental  area  da  is  therefore  r  dr  d£.  The  total  power  coupled  from  the  spot  to  the 
fiber  is 
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r      6        2tt  2tt 
0  0 

P(ro'V  =    ^     ^     ^     f    L  rdrd5  sin9  cose  d9d(1)  (29a) 

0         0     0  0 

where  L  is  the  (uniform)  radiance  of  the  launch  spot  and  sine  ded<)>  is  the  solid  angle  into 
which  da  launches  power  (cf.  fig.  6,  but  r  and  £  are  not  shown  in  that  figure),  da  cose  is 
the  component  of  da  that  is  normal  to  the  ray  direction.  We  suppose  that  the  launch  spot 
radiance  is  independent  of  £,  yielding 

P(ro'9o>  =  LoK/sin2V  <29b) 

In  deriving  this  equation,  we  have  assumed  that  the  fiber  accepts  all  rays  incident  from  the 
launch  spot.  The  validity  of  this  assumption  depends  on  the  refractive  index  profile  of  the 
fiber.  If  the  fiber  has  a  parabolic  profile,  the  assumption  will  hold  if  r0  and  e0  are 
related  thus: 

(rQ/a)2  +  [sineo/(NA)o]2  <  1,  (29c) 

with  (NA)Q  defined  in  eq  (18). 

Additional  insight  is  had  by  normalizing  eq  (29b),  using  RQ  =  rQ/a: 

sine  9 

p<Veo>  ■  KRSlw#  •  (29d) 

where  K  is  a  constant  that  depends  on  the  strength  of  source.  The  LPS  launch  is  based  on  a 
meaningful  choice  of  RQ  and  eQ.    This  is  discussed  further  below. 

Equation  (29d)  is  a  measure  of  how  well  the  phase  space  of  the  spot  matches  that  of  the 
fiber.  In  this  sense,  it  gives  the  expected  coupling  efficiency  between  the  two  but  without 
including  reflection  loss.  This  will  be  seen  in  discussing  figure  7c,  which  is  a  plot  of 
eq  (29d).  Equation  (29d)  is  fundamental  to  the  LPS  launch,  since  it  contains  only  the 
launch  spot  parameters  and  the  fiber  parameters. 

Figures  7a,  b,  c,  and  d  are  plots  of  eqs  (16),  (26),  (28),  and  (29d)  subject  to 
eq  (29c)  for  g  =  2.  They  are  included  to  help  explain  the  LPS  launch.  Note  first  that  the 
straight  diagonal  line  between  (0,1)  and  (1,0)  in  the  figures  is  the  line  y2  =  1  -  x2,  where 
y2  is  the  ordinate  and  x2  is  the  abscissa.  The  region  below  that  line  represents  the  region 
of  bound  modes.  Figure  7a  shows  that  if  the  launch  spot  size  is  70  percent  of  the  fiber 
core  size  and  the  launch  numerical  aperture  is  70  percent  of  the  fiber  numerical  aperture, 
the  phase  space  excited  in  the  fiber  is  shown  by  the  square  in  the  lower  left  corner  of  the 
figure.  The  power  launched  is  given  by  eq  (29d)  with  R2  =  0.5  and  [si neQ/ ( NA)Q]2  =  0.5.  No 
leaky  modes  are  excited. 


15 


"8  0.5  - 


£ 
o 
2 


R£  or  [Sin  a0/(NA)Qy 


(c) 


(d) 


Figure    7.  (a) 

(b) 
(c) 
(d) 


The  phase  space  of  a  graded-i ndex  fiber.  Darkened  area  shows  the  phase 
space  excited  by  the  LPS  launch. 

The  normalized  near  field  of  a  parabolic  profile  fiber  (g  : 
The  normalized  far  field  of  a  parabolic  profile  fiber  (g  = 
Normalized  power  launched  into  a  parabolic  profile  fiber 
condition  that  RQ  and  sin60 
that  maximum  power  is  coupled 


=  2). 
2). 

(g  =  2)  under  the 
are  chosen  so  no  leaky  modes  are  excited  but 
into  the  fiber.    Uniform  launch  condition. 
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Holmes  [9]  has  discussed  the  launch  condition  described  here.  He  defined  the  EMV 
(effective  mode  volume)  of  a  fiber  in  terms  of  the  far-field  and  the  near-field  intensity 
distributions  of  the  fiber.  EMV  is  the  square  of  the  product  of  the  normalized  full  width 
at  half  maximum  (FWHM)  of  the  near-field  distribution  and  the  normalized  sine  of  the  half 
width  at  half  maximum  (HWHM)  of  the  far-field  radiation  pattern.  Figures  7b  and  7c  relate 
this  definition  of  EMV  to  the  LPS  launch  condition  illustrated  in  figure  7a.  If  leaky  rays 
are  excited,  the  near  field  and  the  far  field  will  reveal  this.  Defining  EMV  in  terms  of 
the  far  field  and  the  near  field  is  thus  obviously  related  to  the  modal  power  distribution, 
as  seen  from  the  figures. 

EMV  is  a  convenient  device  and  has  proved  to  be  useful  in  predicting  steady-state  con- 
ditions of  the  fiber.  Once  the  modal  power  distribution  of  a  fiber  is  in  equilibrium,  the 
EMV  as  measured  at  the  fiber  output  is  independent  of  fiber  length;  this  is  the  condition 
sought  when  predicting  attenuation  of  concatenated  links.  The  EMV  at  the  input  of  a  fiber 
depends  on  launch  spot  size  and  launch  numerical  aperture  as  shown  in  the  figures. 

The  concept  of  EMV  is  helpful  and  its  use  led  to  a  useful  launch  condition.  Recent 
work  demonstrates  the  complexity  of  the  problem,  however,  and  EMV  clearly  is  not  sufficient 
to  circumscribe  the  variabilities  in  attenuation  measurements.  A  comparison  of  several 
filters  and/or  mode  mixers  shows  that  each  has  its  limitation  but  fortunately  the  fiber 
attenuation  is  relatively  insensitive  to  the  fine  details  of  launched  modal  power  distribu- 
tion [12,13]. 

Figure  7d  relates  the  70-70  launch  condition  to  power  launched  under  the  restriction 
that  spot  size  and  launch  numerical  aperture  are  chosen  so  no  leaky  modes  are  excited  but 
that  power  coupled  into  the  fiber  is  maximum.  This  maximum  power  condition  is  not  the  pri- 
mary reason  for  selecting  the  70-70  launch  condition.  It  does  represent  a  happy  coinci- 
dence, however. 


Attenuation, 

dB/km 
k 


Figure  8.    Attenuation  as  a  function  of  ray  parameters  (after  ref.  14). 
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Figure  8  [14]  further  illustrates  the  reason  for  the  limited  launch.  The  figure  gives 
attenuation  along  the  vertical  axis  with  launch  variables  in  the  horizontal  plane.  The 
measured  attenuation  depends  on  how  effectively  various  modes  are  excited.  If  the  fiber 
core  and  numerical  aperture  are  fully  filled  at  launch,  attenuation  is  skewed  by  the  high- 
loss  modes,  giving  results  that  would  not  be  useful  in  predicting  the  loss  in  a  system  of 
several  kilometers  length. 

2.1.1    A  Summary  of  Phase  Space  Concepts 

The  definitions  and  connecting  relationships  given  above  form  the  basis  of  fundamental 
and  important  concepts  in  optical  coupling,  including  the  coupling  of  light  energy  between  a 
source  and  a  fiber.  Phase  space  is  a  four-dimensional  space  that  is  defined  in  terms  of 
geometrical  optics  and  light  rays.  Two  of  the  four  dimensions  are  associated  with  the 
momentum  of  a  ray  [eq  (4)]  and  the  other  two  are  associated  with  the  ray's  spatial  position. 
Each  point  in  the  four-dimensional  space  has  a  one-to-one  relationship  to  the  ray's  position 
in  space  and  its  direction  (or  momentum).  This  is  important  because  a  ray  enters  a  fiber  at 
a  point  in  space  (on  the  fiber  core)  with  a  momentum  determined  by  its  angle  with  respect  to 
the  fiber  axis  [cf.  eq  (5)]. 

The  ray  is  bent  as  it  passes  from  air  into  the  fiber  core  according  to  Snell's  law. 
The  bending  can  be  described  in  terms  of  phase  space  by  invoking  the  concept  of  the  density 
of  points  in  phase  space,  denoted  above  by  p.  Neither  the  density  of  points  nor  the  volume 
enclosing  a  fixed  number  of  points  in  phase  space  can  change  with  z,  the  axial  coordinate. 
Snell's  law  is  a  direct  result  of  this  conservation  principle.  The  conservation  of  density 
(p)  and  of  volume  (i|>)  is  a  manifestation  of  Liouvi  lie's  theorem  in  statistical  mechanics. 
The  conservation  of  radiance  is  a  consequence  of  these  conservation  principles  [see  eq 
(15)]. 

Equation  (12)  shows  that  incremental  volume  in  phase  space  is  the  product  of  area, 
solid  angle,  and  the  square  of  refractive  index.  [The  refractive  index  is  squared  because 
the  angle  is  two  dimensional  (solid).]  It  is  precisely  this  product  that  is  controlled  in 
the  LPS  launch.  The  product  is  conserved  in  going  from  air  to  fiber  core.  The  product  is 
also  the  determinant  of  power  launched  into  the  fiber.  That  is  the  thrust  of  eqs  (16)  to 
(29),  as  illustrated  in  figures  7a  to  7d. 

Equation  (29a),  when  used  in  conjunction  with  figure  7a,  can  be  used  to  deduce  power 
coupled  into  a  fiber  under  several  conditions.  When  a  uniform  source  is  assumed,  the 
calculation  can  be  done  easily  in  closed  form.  The  figure  helps  in  defining  limits  of  inte- 
gration. In  particular,  if  a  spatially  uniform  light  spot  of  radius  rQ  is  focused  onto  the 
end  of  the  fiber,  the  total  power  coupled  into  the  fiber  (neglecting  reflection  losses)  is 

r         9  2tt 

O  0 

P  =  2tt  /  rdr  /  /  sin  9  cos  0  d9  d<j>, 
0        0  0 

where  9Q  is  the  limiting  value  of  9;  several  values  of  9Q  and  rQ  will  now  be  considered. 
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If  the  fiber  is  filled,  rQ  =  a,  8Q  =  9C  as  given  in  eq  (25c).  The  corresponding  value 
of  P  will  be  referred  to  as  PTQT.  For  the  LPS  launch,  sin2eQ  =  (NA)*/2  and  rQ  -  a//2  (cf. 
fig.  7a).  The  corresponding  power  launched  will  be  referred  to  as  P LPS*  ^e  Power  coupled 
into  guided  modes,  to  the  exclusion  of  leaky  modes  (referred  to  below  as  P  ),  is  found  by 
taking  sin2eQ  =  (NA)2[1  -  (r/a)2]  and  rQ  =  a.  To  complete  the  picture,  we  will  refer  to 
Pg  -  P|_ps  as  2Pd.  The  region  outside  the  shaded  square  but  below  the  straight  diagonal  line 
in  figure  7a  represents  the  power  2?^.  Finally,  the  amount  of  power  in  the  leaky  modes  (P^) 
is  P&  =  Pjqj  -  Pg.  The  following  relationships  are  obtained  from  the  integration,  assuming 
a  parabolic  fiber  with  uniform  mode  excitation. 

Pg/P^  =  3,  (30a) 

Pg/pT0T  =  3/4'  (30b) 
VPT0T  =  V4,  (30c) 

PLPS/PT0T  =  3/8'  (30d) 
Pd/PLRS  =  1/2.  (30e) 

These  ratios  will  be  used  later. 

Equation  (29d)  gives  the  power  coupled  into  a  parabolic  profile  fiber  as  a  function  of 
launch  spot  size  and  launch  angle.  It  is  again  the  product  of  area  and  solid  angle  that 
is  the  determinant  of  power  launched.  The  equation  shows  that  launching  power  is  a  matter 
of  matching  the  phase  space  of  the  source  to  the  phase  space  of  the  fiber.  Only  the  phase 
space  of  each  (aside  from  a  multiplying  constant)  appears  in  the  equation.  The  maximum 
value  of  the  right  hand  side  is  K  and  that  obtains  when  the  phase  space  of  the  source  equals 
that  of  the  fiber;  i.e.,  the  fiber  is  filled  and  all  bound  modes  are  excited.  In  that  case, 
R0  =  1  and  sineQ  =  (NA)Q. 

The  equations  reveal  an  interesting  picture  of  power  coupled  into  the  bound  modes  of  a 
parabolic  fiber.  If  launch  angle  and  launch  spot  size  are  independently  adjusted  so  only 
bound  modes  are  excited,  then  maximum  power  is  coupled  into  the  fiber  when  launch  spot  diam- 
eter is  70  percent  of  core  diameter  and  launch  numerical  aperture  is  70  percent  of  fiber 
numerical  aperture,  provided  the  launch  spot  is  in  focus  and  exactly  centered  on  the  fiber 
core. 

Finally,  the  connecting  relationships  and  figure  7  lead  to  what  has  been  called  the 
EVM  (effective  mode  volume)  of  a  fiber  [9],  EMV  is  defined  as  the  square  of  the  product  of 
the  full  width  at  half  maximum  of  the  near-field  pattern  and  the  half  width  at  half  maximum 
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of  the  far-field  pattern.  That  this  is  so  is  discussed  above.  Thus,  the  70/70  launch  con- 
dition is  based  on  both  the  near  field  and  the  far  field  of  the  fiber.  The  mode  filter 
launch,  described  later,  is  based  only  on  the  far-field  pattern  of  the  fiber.  The  question 
of  equivalence  of  the  methods  arises  naturally,  then.  The  question  cannot  be  answered 
definitely  but  some  intuitive  arguments  in  this  regard  are  given  later. 

2.2    LPS  Launch 

Figure  9  is  a  block  diagram  of  the  system  used  to  control  launch  spot  size  and  launch 
numerical  aperture  independently,  in  accordance  with  the  requirements  of  the  LPS  technique. 
The  method  is  sometimes  referred  to  as  the  beam  optics  method  of  launch. 

The  light  source  is  a  tungsten  strip  lamp  powered  by  a  regulated  power  supply  to  main- 
tain stability  during  the  measurement.  The  strip  lamp  is  preferable  to  coiled  filament 
lamps  because  it  produces  a  spatially  uniform  spot.  The  lens  L  converts  the  diverging  beam 
to  a  beam  of  parallel  rays  that  pass  through  the  interference  filter  for  wavelength  selec- 
tion. The  filters  have  a  10  nm  spectral  width.  The  wheel  that  houses  the  several  filters 
allows  white  light  as  one  option;  this  option  can  be  used  for  alignment,  as  occasionally 
required.  Lens  L2  focuses  the  beam  onto  the  aperture  A  ,  called  the  source  aperture,  which 
is  imaged  onto  the  specimen.    The  size  of  A   can  be  changed  to  adjust  the  launch  spot  size. 

The  beamsplitter  shown  in  the  figure  serves  a  dual  purpose.  First,  the  arm  marked 
power  monitor  goes  to  a  reference  detector  which  monitors  the  stability  of  the  light  source. 
Correction  can  be  made  in  the  final  results  if  the  output  light  power  drifts  during  measure- 
ment. Experience  has  shown  that  with  a  stabilized  power  source  for  the  lamp,  correction  is 
almost  never  required  and  measurements  are  often  made  without  the  monitor  arm  activated. 
The  computer  program  that  controls  data  acquisition  allows  the  operator  to  monitor  the 
source  or  not,  as  he  sees  fit.  The  beamsplitter  also  allows  viewing  the  fiber  end  with  the 
vidicon. 


Aperture  A2  controls  the  launch  numerical  aperture  by  restricting  the  beam  angle. 
Thus,  A    and  A2  must  both  be  adjustable,  in  accordance  with  the  needs  of  the  LPS  launch. 

The  magnification  (m  <  1)  introduced  by  the  optics  between  A  and  the  fiber  end  must  be 
known.  The  spot  size  on  the  fiber  end  is  determined  from  m  and  the  size  of  A  .  The  launch 
spot  size  (A|_)  is: 
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Figure  9.    Block  diagram  of  attenuation  measurement  system.     The  system  allows  launch  spot 
size  and  launch  numerical  aperture  to  be  controlled  independently. 
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A.   =  A    (i  Jl)  =  mA  , 
L       l      3  l 

where  £3  is  the  distance  from  l_3  to  the  image  plane  and  l  is  the  distance  from  A:  to  L3< 
Dimensions  are  not  accurately  known  so  m  is  determined  by  measurement.  A  pinhole  detector 
(small  compared  to  expected  spot  size)  scans  the  image  plane  of  Lg  to  measure  launch  spot 
size  for  a  known  size  of  aperture  A  .  Magnification  is  then  calculated.  In  a  similar 
manner,  the  launch  NA  effected  by  aperture  A2  is  determined  by  measuring  the  far-field  beam- 
width  as  a  function  of  aperture  size.  A  catalog  is  thus  easily  established,  allowing  for 
selection  of  A  and  A2  to  meet  the  needs  of  the  LPS  launch  method.  Commonly  accepted  toler- 
ances on  A|_  and  launch  NA  are  as  follows: 

(31) 
(32) 

where  d  is  nominal  fiber  core  diameter. 

The  launch  NA  called  for  in  eq  (32)  is  measured  at  distances  considerably  greater  than 
10  d2/X,  which  is  the  usual  definition  of  far  field.  The  launch  angle  is  obtained  from 
geometry,  knowing  the  distance  from  the  focal  plane  of  L3  to  the  measurement  plane  and  hav- 
ing obtained  the  measured  beamwidth  at  that  plane.  The  distance  from  the  focal  plane  of  l_3 
to  the  measurement  plane  is  accurately  known  because  the  detector  is  mounted  on  a  micro- 
positioner  stage. 

The  standard  cut-back  technique  is  used  to  calculate  fiber  attenuation  from  the  meas- 
ured values  of  power;  see  eq  (3).  An  alternative  technique,  also  based  on  the  cut-back 
technique,  can  be  used  if  the  fiber  ends  are  prepared  with  suitable  care  and  input  alignment 
is  carefully  controlled.  In  this  case,  a  short  piece  of  the  fiber  under  test  is  prepared  in 
advance,  as  is  the  test  fiber.  A  two-fiber  bed  on  a  translation  stage  allows  the  input  to 
be  focused  alternately  on  the  short  fiber  and  the  test  fiber.  The  two  fibers  are  likewise 
coupled  to  the  detector  so  one  can  measure  the  power  transmitted  through  the  short  piece  or 
the  test  fiber,  alternately  and  conveniently.  The  ratio  of  the  two  readings  gives  attenua- 
tion, but  the  technique  depends  on  good  agreement  in  the  input  coupling  for  the  two  fibers. 
Such  agreement  is  especially  important  in  low-loss  fibers,  for  which  a  true  cut-back  techni- 
que is  preferred.  In  this  one-fiber  technique,  the  input  end  (which  is  the  more  critical 
end)  is  unchanged  in  the  course  of  the  measurement.  Thus,  the  modal  power  distribution 
established  at  launch  is  the  same  for  both  measurements.  The  two-fiber  method  allows  input 
coupling  errors  on  two  counts.  First,  the  preparation  of  the  two  fiber  ends  may  differ, 
even  though  slightly,  allowing  for  differences  in  input  coupling  loss.  Second,  the  align- 
ment may  differ,  leading  to  a  difference,  however  slight,  of  the  launched  modal  power  dis- 
tribution. These  two  effects  may  be  cumulative,  leading  to  inconsistent  power  readings  and 
unreliable  loss  values.     With  the  true  cut-back  technique,  using  only  a  single  fiber,  the 


AL/d  =  0.707  ±  0.05 

launch  NA     „  „  _ 

—  rnr  =  °-707  ±  °-05 

fiber  NA 
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input  coupling  efficiency  and  modal  power  distribution  are  the  same  for  both  test  and  refer- 
ence fiber  power  measurements. 

2.3    Mode  Filter  Launch 

The  purpose  of  defining  a  standard  launch  condition  is  to  simulate  a  fiber  having  an 
equilibrium  modal  power  distribution.  The  measured  attenuation  will  then  allow  prediction 
of  the  attenuation  expected  in  field  installations,  where  long  fibers  are  encountered  and  an 
accurate  prediction  of  system  loss  is  essential.  Linear  addition  of  attenuation  is  crucial 
and  will  be  possible  only  if  the  measured  attenuation  for  a  test  fiber  is  based  on  steady- 
state  or  equilibrium  conditions. 

Both  the  LPS  launch  and  the  mode  filter  launch  yield  results  that  scale  linearly  with 
distance  [10],  Both  launch  conditions  were  used  for  attenuation  measurements  reported  in 
this  document. 

A  mode  filter  is  a  device  used  to  select,  reject,  or  attenuate  a  certain  mode  or  modes 
[11].  A  mode  scrambler  is  a  device  for  inducing  mode  coupling  in  an  optical  fiber  [11]. 
Our  purpose  is  to  establish  the  equilibrium  modal  power  distribution;  i.e.,  the  power  dis- 
tribution that  prevails  at  the  end  of  the  long  test  fiber.  Whether  the  modes  are  filtered 
or  scrambled  is  thus  an  academic  question.  In  fact,  workers  do  not  agree  on  just  how  the 
equilibrium  state  is  established  [2,12,13]  or  how  best  to  accomplish  the  desired  end. 
Reference  13  indicates  that  modal  power  distribution  is  affected  in  different  ways  by  dif- 
ferent filters  and  scramblers  on  different  fibers. 

The  method  of  the  mode  filter  launch  is  based  on  the  assumption  that  the  relative  modal 
power  distribution  at  the  end  of  a  long  fiber  without  the  mode  filter  is  the  same  as  it  is 
at  the  end  of  a  short  reference  fiber  with  the  mode  filter  in  place.  Furthermore,  the 
method  assumes  that  the  far-field  radiation  pattern  is  a  suitable  indicator  of  whether  or 
not  the  modal  power  distributions  are,  in  fact,  the  same.  If  those  patterns  are  the  same, 
or  nearly  so,  the  mode  filter  has  served  its  purpose,  having  eliminated  certain  modes  and 
induced  an  equilibrium  modal  power  distribution  which  is  equivalent  to  that  at  the  end  of  a 
long  fiber. 

The  mode  filter  probably  does  more  than  just  eliminate  certain  high-order  modes.  It 
may  induce  mode  coupling  as  well,  to  establish  a  balance  between  intermodal  power  transfer 
and  modal  attenuation.  The  primary  function  of  the  filter,  however,  is  to  eliminate  the 
high-order  modes. 

The  power  distribution  in  the  far  field  of  a  fiber  depends  on  modal  power  distribution. 
If  all  modes  carry  the  same  power,  then  each  incremental  area  of  the  core  cross  section  at 
the  fiber  end  will  uniformly  illuminate  its  cone  of  acceptance.  Therefore,  all  areas  on  the 
fiber  core  that  have  a  local  numerical  aperture  greater  than  sine  will  contribute  equally  to 
the  far-field  power  at  angle  9,  where  6  is  the  angle  between  the  fiber  optical  axis  and  the 
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reference  point  in  the  far  field.  The  far-field  pattern  is  therefore  a  function  of  fiber 
numerical  aperture.  In  practice,  mode  coupling  and  mode-dependent  loss  lead  to  unequal 
power  distribution  among  the  modes  at  the  output  end  of  the  fiber.  In  that  case,  not  all 
modes  contribute  equally  to  the  power  at  angle  8.  Nevertheless,  the  far-field  pattern  width 
is  still  a  measure  of  fiber  numerical  aperture,  although  the  specification  of  how  pattern 
width  is  defined  now  becomes  a  consideration. 

In  the  mode  filter  method,  the  adequacy  of  the  mode  filter  is  based  on  a  comparison  of 
the  far-field  patterns  of  two  fibers  (the  test  fiber  without  a  filter  and  the  reference 
fiber  with  the  filter).  If  the  angles  agree  at  the  5  percent  intensity  points,  modal  power 
distribution  is  assumed  to  be  approximately  the  same. 

The  mode  filter  is  qualified  as  follows.  Power  is  launched  into  the  long  test  fiber 
with  a  spot  size  greater  than  the  fiber  core  size  and  with  launch  numerical  aperture  greater 
than  the  fiber  numerical  aperture.  This  will  be  refered  to  as  overfilling  the  fiber.  The 
far-field  radiation  pattern  is  then  measured,  where  far  field  means  distances  greater  than 
10  d2/\  from  the  fiber  end,  and  where  d  is  fiber  core  diameter.  A  short  reference  fiber  is 
then  prepared  for  the  purpose  of  "qualifying"  the  mode  filter.  The  reference  fiber  is  over- 
filled and  then  subjected  to  the  mode  filter.  The  far-field  radiation  pattern  of  this 
reference  fiber  is  measured  and  the  mode  filter  is  adjusted  to  produce  a  far-field  pattern 
which  is  equivalent  (within  tolerance)  to  the  pattern  of  the  long  fiber  without  the  filter. 
The  filter  is  deemed  acceptable  if  the  pattern  widths  are  the  same  at  the  5  percent  intens- 
ity points.    The  tolerance  is  given  below  [eq  (33)]. 

The  procedure  uses  the  arrangement  shown  in  figure  10  [15].  A  filter  is  normally 
qualified  for  only  one  fiber.  Changing  the  test  fiber  usually  calls  for  a  change  (even 
though  slight,  in  some  cases)  in  the  filter.  Once  the  filter  has  been  qualified,  attenua- 
tion is  measured  using  simple  launch  optics.  The  fiber  is  overfilled  and  the  filter  is  in 
place  for  power  measurements  on  both  the  long  test  fiber  and  the  short  reference  fiber,  to 
insure  that  the  insertion  loss  of  the  filter  is  accounted  for. 
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Figure  10.    Arrangement  for  qualifying  a  mode  filter. 
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Figure  11.    Mode  filter  used  for  measurements  reported  herein. 


Workers  have  used  several  forms  of  mode  filter,  including  dummy  fibers,  macroscopic- 
bend  mandrel  wraps  and  serpentine  bends  [16].  The  measurements  reported  in  this  document 
were  taken  with  a  serpentine  bend  filter,  which  is  shown  schematically  in  figure  11.  This 
design  is  similar  to  that  used  by  other  workers  [17].  The  filter  consists  of  seven  nylon 
posts,  each  of  1  cm  diameter.  The  posts  are  on  1.3  cm  centers.  Three  of  the  posts  are  on  a 
translation  stage,  allowing  for  movement  of  those  posts  to  adjust  the  strength  of  the 
f i lteri  ng. 

The  mode  filter  technique  requires  knowledge  of  9L  (see  fig.  10);  9$  is  then  measured 
using  a  short  length  of  reference  fiber  taken  from  the  spool  of  test  fiber.  Moving  the 
posts  of  the  filter  (fig.  11)  changes  the  angle  8$.  The  requirement  is  [18] 
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Figure  12.    Experiment  arrangement  for  attenuation  measurement 
using  a  mandrel  wrap  mode  filter  [12]. 
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The  equation  is  defined  so  A9  is  not  positive.  A  negative  value  for  A6  results  from  exces- 
sive filtering.  In  that  case,  the  mode  filter  causes  9S  to  be  slightly  smaller  than  (or,  at 
most,  equal  to)  9^.  Equation  (33)  discourages  the  acceptance  of  high-order  modes  that  are 
known  to  lead  to  inaccurate  loss  measurements.  A  positive  value  of  A9  implies  inadequate 
mode  filtering. 

The  experimental  arrangement  for  the  mode  filter  launch  is  simpler  than  that  for  the 
LPS  launch  because  careful  control  of  the  spot  size  and  launch  numerical  aperture  are  not 
required.  The  fiber  must  be  overfilled  and  this  is  easily  accomplished  without  much  fuss. 
A  typical  experimental  arrangement  is  shown  in  figure  12,  where  the  mode  filter  is  shown  as 
a  mandrel  wrap  [10],  The  attenuation  measurement  technique  is  as  follows  (cf.  fig.  12): 
After  the  filter  is  qualified,  it  is  used  in  the  long  test  fiber  and  detector  power  is 
measured.  The  fiber  is  then  cut  as  shown  in  the  figure  and  power  is  measured  out  of  the  cut 
length  under  the  same  launch  conditions.  The  ratio  of  the  two  powers  provides  the  loss 
using  the  cut-back  formulas. 

That  the  mode  filter  launch  and  the  LPS  launch  should  yield  comparable  loss  measure- 
ments is  not  obvious.  It  seems  intuitive  that  different  amounts  of  power  are  coupled  into 
the  test  fiber  under  the  two  launch  conditions.  Furthermore,  the  LPS  launch  is  based  on 
both  near  field  (launch  spot  size)  and  far  field  (launch  numerical  aperture)  information. 
The  mode  filter  launch  is  based  entirely  on  the  far  field.  A  question  naturally  arises  then 
as  to  whether  one  can  expect  the  two  methods  to  establish  equivalent  modal  power  distribu- 
tions in  the  fiber.  Most  important  in  this  regard  is  the  attenuation  or  elimination  of  high 
order  and  leaky  modes.  Either  method  is  effective  in  this  regard.  Beyond  that,  however,  we 
are  forced  to  conjecture  on  the  similarities  of  the  two  methods.  Figure  7a  is  useful  in 
visualizing  concepts.  The  darkened  area  is  proportional  to  power  launched  under  the  LPS 
method.  That  area  represents  the  product  of  physical  area  and  angle,  as  already  discussed. 
According  to  eq  (30d),  the  ratio  of  power  carried  by  a  fully  filled  fiber  (including  leaky 
modes)  to  that  carried  by  a  fiber  filled  at  the  70/70  level  (Ptot/pLPs)  is  2,67  or  4- 26  dB- 
If  a  mode  filter  eliminates  the  leaky  modes  from  the  filled  fiber,  the  ratio  reduces  to  3  dB 
t(pLPS  +  2Pd ) /pLPS-l*  Tnus»  the  ratio  of  power  launched  into  an  overfilled  test  fiber  with  a 
mode  filter  to  that  launched  using  the  LPS  method  is  3  dB  or  possibly  less.  If  the  mode 
filter  introduces  additional  loss  (which  is  assuredly  the  case),  the  figure  will  be  less 
than  3  dB. 

The  mode  filter  almost  certainly  does  more  than  just  eliminate  the  leaky  rays.  It 
probably  attenuates  the  high-order  modes  and  encourages  modal  power  coupling  as  well.  This 
seems  obvious  from  the  fact  that  the  filter  must  restrict  the  far-field  pattern  of  the  fiber 
in  order  to  be  acceptable.  It  seems  reasonable,  then,  to  suppose  that  the  mode  filter  elim- 
inates power  associated  with  the  following  regions  of  figure  7a: 

0.5  <  (I2JUL)2  <  l  -  (r/a)2  (34) 
^sin  9  '  v  ' 

c 
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and 

1  .  (r/a)2  <  (illLJL)2  <  !.  (35) 
c 

If  so,  the  ratio  of  power  launched  with  a  mode  filter  to  that  launched  using  LPS  is  ( P LPS  + 
Pd)/PLps  or  1.76  dB  [see  eq  (30e)].  This  assumes  that  the  filter  does  not  attenuate  low- 
angle  rays.  It  further  assumes  that  the  rays  specified  by  eqs  (34)  and  (35)  are  completely 
eliminated.  A  laboratory  measurement  of  power  launched  into  a  fiber  using  the  mode  filter 
and  the  LPS  launch  yielded  a  ratio  of  1.64  dB. 

If  what  we  suggest  here  is  true,  then  the  two  launch  conditions  will  yield  comparable 
loss  measurements  even  in  fibers  having  differential  mode  attenuation.  If  a  fiber  has  very 
little  differential  mode  attenuation,  the  two  methods  will  yield  comparable  results  even  if 
what  we  suggest  is  not  true. 

Appendix  A  relates  these  concepts  to  the  fiber  mode  volume.  The  latter  term  is  a  popu- 
lar one  that  is  easy  to  understand  since  it  identifies  the  number  of  modes  that  a  fiber  can 
support.  Appendix  A  shows  that  the  ratio  of  the  total  number  of  guided  modes  supported  by  a 
parabolic  fiber  to  the  number  supported  between  r  =  0  and  r  =  a/72,  is  1.25  dB.  Thus,  the 
preceding  discussion  suggests  that  the  mode  filter  may  eliminate  all  of  the  leaky  modes  but 
couples  some  of  the  energy  into  low-order  guided  modes. 

3.    COMPONENT  AND  SYSTEM  VARIABILITIES 

The  measurement  system  shown  in  figure  9  wi 1 1  yield  meaningful  results  only  if  the  con- 
ditions of  the  restricted  launch  (either  LPS  or  mode  filter)  are  met.  That  they  are  met  is 
confirmed  through  measurement.  The  variabilities  encountered  in  measuring  the  pertinent 
parameters  are  discussed  in  this  section.  In  addition,  linearity  and  noise  are  discussed 
for  the  dynamic  range  and  wavelength  range  of  interest  in  the  current  telecommunications- 
grade  fiber  market. 

The  measurement  of  magnification  (denoted  m  and  discussed  in  the  following  section) 
allows  a  prediction  of  launch  spot  size  for  a  known  aperture  size  A  .  The  measurement  of  m 
and  of  launch  numerical  aperture  require  the  measurement  of  beam  widths.  Unfortunately, 
there  are  fundamental  limits  to  the  accuracy  with  which  one  can  measure  those  widths.  The 
limits  are  imposed  by  virtue  of  diffraction  and  the  finite  size  of  the  detector  aperture. 

A  similar  limit  is  imposed  in  qualifying  the  mode  filter.  The  patterns  being  measured 
invariably  have  sloping  skirts  which  make  it  difficult  to  clearly  define  the  5  percent 
points  of  the  pattern. 

This  section  also  addresses  the  question  of  component  and  system  linearity  and  system 
noise.  For  fibers  of  interest  today,  the  required  dynamic  range  is  only  a  few  decibels  so 
acceptable  linearity  is  easily  attained.    System  noise  is  well  below  the  level  of  tolerance. 
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3.1    Spot  Size  and  Launch  Numerical  Aperture 


Independent  adjustment  of  launch  spot  size  and  launch  numerical  aperture  is  accom- 
plished using  apertures  A  and  A2  of  figure  9.  The  diameter  of  the  spot  focused  onto  the 
end  of  the  fiber  is  the  magnified  diameter  of        where  the  magnification  m  is  approximately 

m  =  f  1%  (36) 

3 

where  l  is  the  distance  from  A:  to  Lg  and  f3  is  the  focal  length  of  l_3.  Although  m  is  de- 
fined here  in  terms  of  distances,  in  practice  it  is  experimentally  determined  since  l  is  not 
known  accurately,  m  is  found  by  measuring  the  launch  spot  size  (mA^  using  a  large  aper- 
ture. The  variation  of  m  with  wavelength  is  shown  later.  The  diameter  of  A1  is  determined 
by  visual  examination  using  a  microscope  with  a  two-dimensional  vernier  stage  to  identify 
edge  location. 

Measurement  of  m  is  accomplished  by  placing  a  small  aperture  in  front  of  a  detector  and 
in  the  image  plane  of  L3.  The  combination  is  scanned  across  a  diameter  in  that  plane  to 
determine  spot  size.    Knowing  the  size  of  A1  then  allows  the  calculation  of  m. 

If  the  focused  image  of  the  aperture  had  spot  has  perfectly  sharp  edges,  sweeping  the 
detector  aperture  through  that  spot  could  be  described  by  the  convolution  of  two  cylinder 
functions  CYL(r/d$)  *  CYL(r/da),  as  shown  in  figure  13,  where 


Figure  13.    Two  cylinder  functions,  representing  an  aperture  and  a  spot  being  measured. 
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r\    ,  0  <  r  <  d/2 


CYL(r/d)  = 


(37) 


where  cL  and  d,  are  the  diameter  of  the  spot  and  the  aperture  and  *  denotes  convolution. 

s  a 

The  cylinder  function  is  an  accurate  description  of  the  transmittance  of  the  circular 
aperture  over  the  detector  but  the  focused  spot  invariably  has  skirts,  owing  to  diffraction. 
Nevertheless,  it  is  instructive  to  consider  the  case  of  perfectly  sharp  functions  to  de- 
scribe both  the  spot  intensity  (in  the  focal  plane  of  L3)  and  the  aperture.  To  estimate 
potential  errors  encountered  in  the  system,  and  to  define  the  "small  aperture"  alluded  to 
earlier,  we  consider  a  one-dimensional  problem,  the  convolution  of  two  rectangular  func- 
tions, one  of  width  ws  and  one  of  width  wa,  where  the  subscripts  refers  to  spot  and  aper- 
ture; we  take  wg  >  wa.  The  functions  and  their  convolution  are  shown  in  figure  14.  This 
figure  shows  that  the  accurate  measurement  of  w$  is  difficult.  The  measured  form  (fig.  14c) 
differs  from  the  actual  spot  (fig.  14a)  by  an  amount  that  depends  on  wfl.  The  FWHM  of 
figure  14c  differs  from  that  of  figure  14a  by  wa. 


g(x) 


w  ► 


(a) 


(b) 


f(x)  *g  (x) 


(c) 


Figure  14.  The  convolution  of  two  rectangular  functions,  illustrating  the  error  introduced 
when  measuring  f(x)  (a)  using  an  aperture  g(x)  (b)  resulting  in  f(x)  *  g(x)  as 
shown  in  (c). 


28 


Clearly,  we  require  wa  <<  ws.  If  wa  is  a  delta  function,  the  spot  is  reproduced 
exactly  in  the  measurement.  However,  as  wa  is  decreased  to  improve  the  measurement  preci- 
sion, the  signal-to-noise  ratio  is  decreased.  Obviously,  the  measurement  of  launch  spot 
size  calls  for  a  compromise  in  the  name  of  accuracy.  wa  should  be  as  small  as  possible, 
commensurate  with  the  need  for  acceptable  signal-to-noise  ratio. 

Since  total  measured  width  is  proportional  to  wa  +  ws,  the  allowed  value  of  wa  is  pro- 
portional to  allowed  error  on  measured  ws.  For  1  percent  error,  wa  must  be  not  more  than  1 
percent  of  ws.  If  the  spot  size  is  defined  at  the  10  percent  intensity  points,  wa  can  be 
slightly  larger:  wfl  <  0.0125  wg.  The  convolution  suggested  by  figure  13  does  not  differ 
substantially  from  that  shown  in  figure  14,  if  dg  «  d$. 

This  simple  approach,  based  on  rectangular  functions  in  one  spatial  dimension,  is  use- 
ful because  it  is  intuitive.  In  practice,  the  measured  spot  is  the  convolution  of  a 
cylinder  function  and  a  two-dimensional  function  which  accounts  for  diffraction. 


Figure  15.    Measured  spot  in  the  focal  plane  of  L 


29 


80  0 


8^0 


900 


950 


1000 


1050 


14 


?8 


80 


Wavelength,  nanometers 


Figure  16.    Change  of  demagnifi cation  with  wave- 
length. 


Figure  17.    Change  of  demagni f i cati on 
with  f#  (aperture  size). 


Figure  15  shows  the  measured  spot  in  the  focal  plane  of  L3  with  A:  =  3012  ym  at  850  nm, 
with  a  1  pm  aperture  over  the  detector.  The  width  at  the  10  percent  intensity  points  is 
140  ym,  indicating  that 


Figure  16  shows  how  magnification  changes  with  operating  wavelength.  Obviously,  the  chro- 
matic aberrations  of  the  intervening  lenses  and  the  beamsplitter  are  not  excessive.  Varia- 
tion of  m  over  the  range  measured  is  ±0.1  or  about  0.5  percent.  If  the  fiber  core  diameter 
is  50  ym,  the  launch  spot  size  should  be  35  ym.  Invoking  the  +5  percent  allowance  on  spot 
size  yields 


To  determine  spot  size,  the  vernier  of  the  translation  stage  that  holds  the  detector  is 
read  at  the  appropriate  signal  levels. 

The  magnification  is  not  expected  to  change  with  LNA.  The  accuracy  with  which  one  can 

measure  spot  size,  however,  is  a  function  of  the  size  of  A2  (LNA).     Figure  17  shows  measured 

values  of  m  as  a  function  of  the  f-number  of  the  lens  L3.  This  variation  is  due  primarily 
to  loss  of  resolution. 


m  =  1/21.6. 


(38) 


702  ym  <  A  <  810  ym. 


(39) 
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Source  Image 


Figure  18.    Geometry  and  angles  encountered  in  measuring  LNA. 


The  method  used  to  determine  LNA  can  be  described  with  the  help  of  figure  18.  The 

source  image  refered  to  in  the  figure  is  the  image  of  aperture  The  source  image  is  in 

the  image  plane  of  L3.  A  plane  at  distance  I  from  the  source  image  is  in  the  far  field  of 
that  image  plane. 

Launch  numerical  aperture  is  calculated  from  the  pattern  width  in  the  far-field  plane 

and  the  value  of  i.    The  pattern  width  is  measured  by  placing  a  small  aperture  in  front  of  a 

detector  and  sweeping  the  combination  in  the  plane  at  distance  i  from  the  source  image. 

The  pattern  measurement  is  difficult  because  the  edges  are  not  sharp  and  the  corners 
are  rounded.  One  source  of  distortion  of  the  pattern  is  a  (cose)1*  variation  owing  to  simple 
geometry,  as  follows.  Assume  that  the  radiance  at  the  source  image  is  N.  The  incremental 
power  at  ds 1 ,  in  the  far  field,  is 


dP  =  N  ds  cose  dfi, 


(40) 


where 


dft  = 


ds1  cose 


(41) 


(Jt/cose)2* 
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Taki  ng 


N  =  constant  for  9  <  e,  Mn 
o  LNA 


0  for  9  >  9 


LNA 


dP 


N  ds  ds'  (cosg)4 
o 


(42) 


For  i  large  with  respect  to  source  image,  the  power  pattern  seen  by  a  pinhole  detector  is 

then 


P  =  P  (COS9)14 

o v  ' 


(43) 


where  PQ  is  the  on-axis  value,  which  depends  on  NQ,  I,  and  source  size.  The  pattern  is  in- 
variably rounded  at  the  edges,  because  of  this  (COS9)4  function  [19].  For  small  values  of 
LNA,  a  binomial  expansion  of  (COS9)4  yields  an  expression  for  P(y)/P(0),  where  y  is  the  rec- 
tangular coordinate  perpendicular  to  the  optical  axis  in  the  plane  of  measurement: 


=  [- 


1 


P(y) 

P(0)     \  + 


(44) 


cos^  Variation 


y0+s  y 


(Not  to  Scale) 


Figure  19.     Illustrating  the  distor- 
tion of  the  pattern 
edge  owing  to  the 
(COS9)4  variation. 


Figure  20.    Showing  the  geometry  and  angles 
which  cause  the  skirt  shown  in 
figure  19. 
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Table  1. 


f/#  or  Pattern  width  LNA 

aperture  at  10%  points 
diameter  (mm) 
d 


f/#  =  1.4  3.72  0.34 

f/#  -  2.0  2.67  0.25 

f/#  -  2.8  1.95  0.19 

f/#  -  4.0  1.41  0.14 

d  =  3.13  mm  1.42  0.  14 

d  =  6.23  mm  2.89  0.27 


The  maximum  value  of  y/l  of  interest  is  yQ/i 

y 

—  =  tan(sin_1  LNA).  (45) 

For  LNA  =  0.2,  P(yo)/P(0)  is  0.92  at  the  edge  of  the  pattern,  as  shown  in  figure  19.  The 
pattern  measured  is  further  distorted  because  of  the  finite  size  of  s  (fig.  20),  which 
causes  the  skirt  shown  in  figure  19.    The  far-field  criterion  is  therefore 

*  »  2(W  (46) 
For  a  fiber  having  a  50  ym  core  diameter  and  0.2  numerical  aperture, 


I  »  125  urn 

is  required. 

Table  1  gives  the  measured  values  of  LNA  taken  5  mm  from  the  focal  plane.  LNA  can  be 
changed  by  changing  either  the  iris  diaphragm  of  the  lens  L3  or  by  placing  an  aperture  in 
front  of  L3  with  its  diaphragm  open.  Both  techniques  were  used.  The  lens  diaphragm  con- 
sists of  leaves  which  mesh  together  to  only  approximate  a  circular  aperture.  The  aperture 
placed  in  front  of  the  lens  is  circular.  However,  there  was  no  discernible  difference  in 
the  far-field  patterns  of  the  two  openings. 

The  first  column  of  table  1  gives  the  f-number  setting  of  the  lens  when  the  lens  dia- 
phragm was  used  to  restrict  LNA.  Lens  L3  has  a  12.5  mm  focal  length.  When  the  f-number 
setting  is  4,  then,  the  diaphragm  opening  is  3.13  mm.  The  fourth  and  fifth  rows  of  the 
table  should  be  the  same.  The  measured  values  of  LNA  do  agree  to  within  the  measurement 
preci  sion. 
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Figure  21.     Launch  apparatus  used  to  measure  near  field  and  far  field  of  fiber. 

Arbitrary  values  of  LNA  can  be  obtained  by  adjusting  the  iris  diaphragm  on  l_3.  This 
was  verified  by  requiring  and  obtaining  LNA  =  0.22.  The  technique  is  based  on  the  fact  that 
LNA  varies  linearly  with  aperture  A2  if  the  angles  are  small.  In  this  case,  the  widths 
given  in  table  1  were  used  as  the  starting  points.  The  aperture  was  adjusted  while  ob- 
serving the  intensity  on  a  strip  chart  recorder.  Proportional  change  of  pattern  width 
yielded  a  proportional  change  of  LNA. 

Measurements  verify  that  LNA  is  independent  of  spot  size.  There  was  no  discernable 
difference  in  measured  LNA  for  a  three-fold  change  of  spot  size. 

3.2    Mode  Filter  Qualification 

Figures  21  and  22  show  the  launch  optics  and  the  measurement  apparatus  used  to  qualify 
the  mode  filter  used  in  the  attenuation  measurements  [20].  A  broadband  interference  filter 
is  used  (fig.  21)  to  improve  signal-to-noise  ratio.  The  10  nm  filters  used  in  the  attenua- 
tion measurement  do  not  provide  adequate  signal  level  for  reliable  measurements;  the  filter 
used  here  has  an  approximately  80  nm  spectral  linewidth.  The  measurements  are  relatively 
insensitive  to  wavelength,  so  the  increased  linewidth  does  not  affect  the  interpretation  of 
results.  More  will  be  said  of  this  later.  Aperture  1  determines  launch  spot  size  and 
aperture  2  controls  LNA,  as  before.  The  fiber  is  overfilled  for  these  measurements  so  the 
launch  conditions  are  not  critical.  Alignment  is  straightforward  and  based  on  the  criterion 
of  maximum  signal.  The  chopper  frequency  is  set  at  about  45  Hz.  The  pattern  is  measured  by 
using  a  fixed  fiber  end  and  a  detector  that  moves  along  an  arc  about  the  center  of  the  fiber 
end. 

The  fiber  passes  through  a  cladding  mode  stripper  consisting  of  two  10-cm  long  felt 
pads  wetted  with  index-matching  fluid.  Any  buffer  coatings  are  removed  from  this  part  of 
the  fiber.  Near-field  scans  have  shown  that  this  type  of  mode  stripper  effectively  removes 
light  from  the  cladding. 
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Figure  22.    Apparatus  used  to  measure  fiber  far  field.    The  fiber 
end  is  fixed  and  the  detector  moves  along  an  arc. 

A  vee  groove  positions  the  fiber  to  be  coincident  with  the  axis  of  rotation.  A  small, 
felt-padded  weight  holds  the  fiber  in  the  groove.  Before  measurement,  the  fiber  end  is 
visually  inspected  for  flatness  and  perpendicularity.  The  vee-groove  position  can  be 
adjusted  by  a  two-dimensional  translation  stage  to  assure  proper  alignment. 

Scanning  is  accomplished  with  a  stepper-motor-controled  rotary  table,  which  swings  the 
detector  through  a  12-cm  radius  arc.  At  this  distance  the  far-field  criteria  is  satisfied 
for  core  diameters  of  100  ym  or  less.  Angular  motion  (1/2  arc  min  per  step)  is  fine  enough 
to  give  smooth  far-field  curves.  Detector  aperture  size  is  chosen  to  give  reasonable  com- 
promise between  resolution  and  signal-to-noise  ratio;  the  0.8  mm  diameter  aperture  gives  a 
resolution  of  0.38°.  A  simple  one-dimensional  model  based  on  a  parabolic-shaped  far-field 
pattern  with  an  NA  of  0.2  predicts  an  error  of  1.6  percent  in  radiation  angle  when  the  curve 
is  acquired  with  0.38°  resolution.  Measurement  precision  for  determining  radiation  angle  is 
in  the  range  of  1  to  2  percent  when  a  new  output  end  is  prepared  and  realigned;  therefore,  a 
reduction  in  aperture  size  would  not  result  in  much  improvement. 

A  silicon  PIN  diode  operating  in  the  photovoltaic  mode  is  used  as  the  detector.  The 
detector  has  an  active  area  of  5.1  mm2  and  a  built-in  operational  amplifier,  and  is  mounted 
directly  behind  the  aperture.  A  time  constant  of  0.4  s  is  used  on  the  lock-in  amplifier. 
The  scanning  rate  is  chosen  so  one  resolution  element  (0.38°)  is  scanned  in  approximately 
three  time  constants.    At  this  rate,  a  far-field  pattern  is  obtained  in  3  to  4  min. 
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Figure  23.     Far-field  pattern 
of  test  fiber 
7502  at  850  nm. 


Figure  24.     Far-field  pattern  of  reference  fiber  7502 
with  mode  filter  at  850  nm  (left)  and  1060 
(right). 


The  output  numerical  aperture  of  a  fiber  is  relatively  insensitive  to  wavelength  [21] 
for  the  range  of  interest  here.  Insofar  as  this  is  true,  the  mode  filter  need  not  be 
requalified  for  a  change  of  wavelength.  To  verify  this  important  assumption,  a  mode  filter 
was  qualified  at  850  nm  and  then  tested  at  1060  nm.  The  resulting  far-field  patterns  are 
shown  in  figures  23  and  24.  There  is  virtually  no  difference  in  the  pattern  widths.  Unfor- 
tunately, the  signal-to-noise  ratio  decreases  at  1060  nm,  making  the  graph  more  difficult  to 
read. 

If  the  differential  mode  attenuation  changes  with  wavelength,  the  far-field  pattern  is 
a  function  of  wavelength.  Indeed,  any  change  in  the  modal  power  distribution  will  produce  a 
change  in  the  far-field  pattern.  If  the  differential  mode  attenuation  (DMA)  is  a  function 
of  wavelength,  a  mode  filter  that  is  adequate  at  850  nm,  may  not  be  so  at  1300  nm. 
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Table  2. 


Indicated  full- 

scale  voltage 

1000 

1000/710 

100 

100//10 

10 

10//10 

1 

Measured  full- 

scale  voltage 

1  nnn 

1UUU 

31/  .  C 

?  1  71 

1  n  rn 

1U  .  uo 

O.  IDS 

(1000  mV  range 

as  reference) 

±0.01 

±0.01 

Offset  (%) 

0.3 

0.3 

0.3 

0.3 

0.1 

0.8 

3.3  Component  Linearity 

Potential  nonl inearities  exist  at  the  detector  and  at  the  lock-in  amplifier/digital 
voltmeter.  Because  the  reference  detector  and  electronics  operate  at  essentially  the  same 
signal  levels  during  measurements  on  the  long  and  short  fibers,  nonlinearities  in  those 
devices  are  not  likely. 

Silicon  PIN  photodiodes  are  generally  found  to  be  linear  at  power  levels  of  interest 
(<  10  yW  total  power).  The  silicon  device  used  here  had  previously  been  calibrated  against 
a  calorimetric  standard  at  1  yW  and  1  mW  with  an  apparent  difference  in  responsivity  of  not 
more  than  0.8  percent. 

The  linearity  of  the  lock-in  amplifier/digital  voltmeter  combination  was  determined  by 
comparison  with  a  precision  inductive  voltage  divider.  The  scale  factor  for  individual 
scales  was  constant  to  0.1  percent  (peak  to  peak)  or  better  from  3  to  100  percent  of  full 
scale  for  each  of  the  scales  most  often  used,  increasing  to  about  0.9  percent  (peak  to  peak) 
for  the  most  sensitive  scale  used  and  to  3  percent  for  the  most  sensitive  scale  on  the 
instrument.    Relative  offsets  between  ranges  were  also  measured  and  are  shown  in  table  2. 

This  offset  error  can  be  avoided  by  making  both  measurements  on  the  same  scale.  A 
slight  adjustment  of  light  power,  for  example,  is  often  all  that  is  required  to  insure  that 
a  scale  change  is  not  required.  For  our  lock-in  amplifier,  the  error  encountered  in  the 
scale  change  is  about  0.3  percent  over  mGSt  of  the  range. 

3.4  System  Linearity 

The  linearity  of  the  system  is  most  likely  to  degrade  at  high  intensity  points,  if  at 
all.  System  linearity  was  tested  through  judicious  use  of  neutral  density  filters  and 
adjustment  of  power  out  of  the  light  source.  The  test  was  conducted  using  narrowband 
(10  nm)  filters  to  avoid  variabilities  introduced  through  the  spectrum  shift  when  intensity 
of  the  light  source  was  changed.  The  technique  used  was  as  follows:  First,  a  short  length 
of  fiber  was  used  to  transmit  power  to  the  detector.  A  2.5  dB  filter  was  then  inserted  into 
the   launch   optics.      Attenuation   was   measured   as   2.50  dB.      The  filter  was   removed  after 


37 


noting  the  reading  of  the  DVM  (digital  voltmeter).  The  intensity  of  the  light  source  was 
then  reduced  by  2.5  dB  so  the  DVM  reading  was  the  same  without  the  filter  as  it  was  just 
before  the  filter  was  removed.  This  represents  a  new  reference  reading  and  the  procedure 
was  repeated.  The  process  continues  until  signal-to-noise  ratio  is  reduced  to  intolerable 
limits. 

The  underlying  assumption  in  this  approach  is  that  the  attenuation  of  the  filter  is 
independent  of  power  level.  Since  only  relatively  low  power  levels  are  used,  this  assump- 
tion is  reasonable  but  no  attempt  was  made  to  verify  it.  The  measurements  were  made  without 
changing  the  scale  of  the  lock-in  amplifier.  At  850  nm  and  over  a  dynamic  range  of  15  dB, 
the  standard  deviation  of  the  filter  loss  was  0.01  dB  or  0.4  percent.  The  results  were 
confirmed  at  several  wavelengths  of  interest.  The  system  linearity  at  1300  nm  was  tested 
over  only  about  7  dB  of  dynamic  range  but  the  results  were  the  same. 

3.5    System  Noise 

System  noise  contributes  to  measurement  imprecision,  but  the  level  of  such  noise  is 
usually  low.  Analysis  of  the  expected  noise  follows  [22].    We  adopt  the  following  notation: 


A        =    measured  fiber  attenuation,  dB 

V,M     =    voltage  levels  at  the  output  of  the  fiber  and  the  light  source  monitor, 

respecti  vely 
S(«)    =    standard  deviation 
subscript  s,  z  =    short  and  long  fibers,  respectively. 

In  terms  of  V  and  M,  attenuation  is 

V  /M 

A  =  10  109  tvV]  (47) 


and 


S(V  )  S(M  ) 

S(A)  =  4.34[(-^r  +  (    j5f~ ) 
s  s 


S(V  2       S(V  2  1/2 
+  ("T-)    +  (— j5f-M      •  (48) 
i  I 


Digitizing  noise  in  the  five  digit  DVM  establishes  a  level  of  about  10_l+  for  each  of  the 
ratios  S(VS)/VS,  S(MS)/MS,  S^J/V^  S{\)WV  Hence, 

S(A)  3  0.001  dB.  (49) 
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(a) 


(b) 


Figure  25.    Response  of  silicon  (a)  and  germanium  (b)  detectors. 


For  high-loss  fibers,  S(Vji)/VJ,  may  limit  the  dynamic  range  of  the  system.  Experience  has 
shown,  however,  that  such  a  limit  is  not  a  practical  problem  since  telecommunication-grade 
fibers  of  interest  seldom  have  attenuation  of  more  than  3  to  5  dB/km. 

Measurement  of  fibers  in  the  laboratory  yielded  the  following  values 


The  system  noise  contribution  to  the  standard  deviation  of  the  attenuation  measurement  is 
therefore  about  0.001  dB  at  850  nm  and  0.01  dB  at  1300  nm. 

3.6    Detector  Uniformity 

Figures  25a  and  b  show  detector  response  over  the  surface  of  the  detector.  Figure  25a 
is  silicon;  figure  25b  is  germanium.  The  silicon  detector  exhibits  uniform  response,  even 
at  its  edges.  The  germanium  is  uniform  over  the  central  region  of  its  surface,  but  not  at 
the  edges.     Use  of  the  germanium  detector  therefore  requires  more  care  than  does  the  silicon 


S(V)  S(M) 


<  5  x  10"3  at  X  =  1300  nm, 


V    '  M 


S(V)  S(M) 


<  5  x  10'k  at  X  =  850  nm. 


V    '  M 
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one.  Avoiding  the  edge  is  only  a  minor  invonvenience  and  presents  no  technical  problems.  In 
each  case,  the  detector  surface  is  about  1  cm  diameter. 


3.7    Measurement  Procedure 

The  cut-back  method  of  measuring  attenuation  is  based  on  eq  (3);  it  calls  for  the  meas- 
urement of  relative  power  transmitted  through  two  lengths  of  the  fiber  under  test.  In  the 
notation  of  eq  (3),  we  use  LQ  to  refer  to  a  short  length  (the  reference  length)  of  the  fiber 
under  test;  ll  is  the  full  length  of  test  fiber.  The  measurement  can  be  performed  in  either 
of  two  ways.  To  distinguish,  we  will  refer  to  the  first  as  the  two-fiber  method;  it  is 
suitable  for  measuring  attenuations  of  more  than  about  4  to  5  dB.  In  the  two-fiber  method, 
length  LQ  is  obtained,  in  advance  of  any  measurements,  from  the  test  fiber.  Both  fibers  are 
prepared  and  the  two  input  ends  are  placed  on  a  translatable  bed,  allowing  the  light  source 
to  be  coupled  alternatively  to  length  LQ  or  L  ,  as  appropriate.  Both  output  ends  are 
likewise  coupled  to  the  detector  by  placing  them  side  by  side  on  a  bed  that  allows 
equivalent  coupling  conditions  between  the  fiber  and  the  detector.  In  this  procedure,  care 
must  be  taken  to  ensure  that  the  input  ends  of  the  fiber  are  of  similar  quality.  Input 
coupling  loss  can  vary,  leading  to  unreliable  results  if  such  care  is  not  taken. 

In  the  cut-back  method,  power  transmitted  through  length  L  is  measured.  Without  dis- 
turbing the  launch  conditions,  the  fiber  is  cut  at  a  point  about  2  m  from  the  input,  thereby 
obtaining  the  reference  fiber  of  length  LQ.  The  cut  end  is  prepared  and  the  power  trans- 
mitted through  L    is  measured.    Equation  (36)  is  used  in  either  case  to  obtain  attenuation. 


Carbide  -  Tipped 
Blade 


Slight 
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Brass  Bed 
Radius  of  Curvature 

3.2  cm 


Bare  Fiber 


TT7 


Figure  26.    Method  of  cleaving  the  fiber. 
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Each  of  the  methods  has  advantages  and  disadvantages.  The  cut-back  procedure  insures 
that  the  long  and  short  lengths  are  excited  with  identical  launching  conditions  and  also 
involves  the  preparation  of  three  rather  than  four  high-quality  end  surfaces.  It  therefore 
is  expected  to  yield  better  precision,  especially  with  low-loss  fibers.  The  two-fiber  pro- 
cedure, on  the  other  hand,  facilitates  repeated  measurements. 

Systematic  tests  were  conducted  to  determine  the  sacrifice  in  precision  suffered  in 
using  the  two-fiber  method.  The  method  may  introduce  as  much  as  0.1  dB  variation  in  the 
measured  attenuation  unless  extreme  care  is  taken  in  preparing  the  input  ends.  Only  then 
will  input  coupling  loss  be  the  same  for  the  two  fibers.  The  cut-back  method  introduces 
less  than  0.03  dB  variation  in  measured  attenuation.  The  output  coupling  loss  is  small  and 
is  not  sensitive  to  the  quality  of  the  cleave,  at  least  if  the  cleave  is  reasonably  good. 

For  either  measurement  method,  about  10  cm  of  bare  fiber  is  required  on  both  ends  to 
accommodate  mode  strippers.  Fiber  ends  are  prepared  by  scribing  with  a  hand-held  silicon 
carbide  razor  blade  while  the  fiber  is  under  tension.  The  method  is  shown  in  figure  26. 

Cleaved  ends  are  visually  inspected  for  acceptability  with  both  a  40  power  and  a  100 
power  microscope  having  NA  =  0.12  and  0.25.  Acceptance  is  based  on  a  subjective  evaluation 
of  smoothness  without  hackle,  lips,  breakover  or  deep  notches  at  the  point  of  scribing,  and 
perpendicularity.  Glass  chips  or  foreign  material  (dirt,  jacketing  material,  etc.)  adhering 
to  the  end  are  removed  with  adhesive  tape. 

Visual  inspection  with  only  one  orientation  can  be  deceptive.  For  this  reason,  the 
ends  are  examined  from  different  angles  and  under  different  types  of  illumination. 

The  input  end  is  mounted  on  the  x-y-z  positioner  with  the  mode  stripper  in  place.  The 
launch  spot  and  the  fiber  end  is  viewed  for  alignment  with  the  vidicon  and  monitor.  The 
fiber  output  ends  are  taped  to  a  flat  surface  in  front  of  the  detector  so  the  axes  of  the 
two  fibers,  if  extended,  would  intersect  at  the  surface  of  the  large  area  detector.  Care  is 
taken  to  ensure  that  all  the  power  out  of  the  fiber  is  collected  by  the  detector. 

With  the  source  aperture  in  place,  the  appropriate  diaphragm  set  at  the  launch  lens, 
and  the  filter  wheel  set,  the  positioner  is  adjusted  to  place  the  input  face  of  the  fiber  at 
image  plane  of  L_.  Minor  axial  repositioning  to  maximize  transmitted  power  is  done  at  each 
wavelength.  When  small  input  spot  sizes  are  used  other  position  criteria  may  be  used. 
Increasing  LNA  to  improve  focusing  resolution  is  sometimes  useful. 

The  lock-in  amplifier  scale  is  selected  on  the  basis  of  expected  attenuation  and  the 
need  to  avoid  scale  change,  if  possible.  The  amplifier  meter  in  our  case  has  a  decibel 
scale  which  can  be  used  to  assist  in  this  regard.  In  so  doing,  recall  that  the  scale  meas- 
ures electrical  power,  not  volts;  thus,  2  dB  optical  loss  will  be  reflected  as  4  dB  on  the 
electrical  scale. 
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Figure  27.    Block  diagram  of  measurement  configuration. 

Figure  27  is  a  block  diagram  of  the  configuration.  The  operator  is  offered  three  op- 
tions in  the  course  of  taking  data.  Each  option  is  offered  by  a  screen  prompt  followed  by 
a  computer  pause.  The  operator  must  respond  before  the  program  will  proceed.  First,  the 
option  of  monitoring  the  light  source  for  drift  is  offered.  Experience  has  shown  that  a 
stabilized  power  supply  eliminates  drift,  so  monitoring  the  source  is  not  often  required. 
If  the  source  is  monitored,  a  correction  for  drift  is  imposed  in  calculating  attenuation. 
The  correction  is  normally  small. 


Second,  the  operator  is  asked  to  specify  the  number  of  data  points  taken  and  the  time 
(in  milliseconds)  between  readings.  The  selected  pause  between  readings  is  based  on  the 
time  constant  of  the  lock-in  amplifier.  The  readings  must,  of  course,  be  independent,  which 
requires  that  several  time  constants  elapse  between  readings.  It  is  sometimes  true  that  the 
signal-to-noise  ratio  depends  on  the  number  of  time  constants  between  readings.     If  so,  the 
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Table  3. 


Fiber 
idenfi cation 


Wavel ength 
(nm) 


Method1 


Number 
of 

measurements 


Average 
attenuation 
(dB) 


Standard 
deviation 
(dB) 


4103 
4103 
4103 
4103 


850 
850 
1300 
1300 


MF 
LPS 
MF 
LPS 


2.81 
2.75 
1.62 
1.65 


0.05 
0.04 
0.04 
0.02 


5202 
5202 
5202 
5202 


850 
850 
1300 
1300 


MF 
LPS 
MF 
LPS 


1.98 
2.18 
1.03 
0.92 


0.09 
0.04 
0.01 
0.02 


7502 
7502 
7502 
7502 


850 
850 
1300 
1300 


MF 
LPS 
MF 
LPS 


5.83 
5.61 
1.85 
1.59 


0.07 
0.01 
0.05 
0.01 


"•MF  =  mode  filter;  LPS  =  limited  phase  space 
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Figure  28.    Typical  far-field  pattern  of  test  fiber  and 
reference  fiber  with  mode  filter  at  850  nm. 
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selected  pause  is  adjusted  accordingly.  The  average  reading  and  the  standard  deviation  of 
the  readings  reach  steady  state  after  about  25  readings.  Typically,  30  to  50  readings  are 
taken  for  each  measurement.  The  additional  time  consumed  by  taking  50  data  points  rather 
than  30  is  small  and  leads  to  more  confidence  in  the  results. 

3.8    Some  Results 

Measurement  results  are  presented  here  for  three  telecommunication-grade  fibers. 
Attenuation  was  measured  at  850  nm  and  1300  nm.  The  mode  filter  was  qualified  only  at 
850  nm  for  each  fiber.  Figure  28  shows  the  far-field  patterns  taken  for  one  of  the 
fibers.  These  plots  are  typical  of  those  seen  by  the  system  being  used  here.  Table  3. 
gives  the  results  of  the  measurements  of  the  three  fibers;  the  measurement  precision  is 
±0.1  dB. 

The  data  show  no  clear  indication  of  one  launch  condition  yielding  attenuation  values 
consistently  lower  or  higher  than  the  other.  The  greatest  difference  encountered  is  about 
0.3  dB  on  fiber  7502  at  1300  nm.  In  that  case,  the  mode  filter  launch  yields  attenuation 
that  is  higher  than  that  found  using  the  LPS  launch.  Fiber  4103  has  nominal  length  of 
0.97  km,  fiber  5202  is  about  1.1  km  long  and  fiber  7502  is  about  2.2  km.  The  data  for  fiber 
5202  was  taken  using  a  mixture  of  the  cut-back  and  the  two-fiber  methods.  The  data  show 
that  the  standard  deviation  was  not  adversely  affected  in  going  from  one  method  to  the 
other. 

4.    MEASUREMENT  COMPARISONS  AND  RESULTS 

The  procedures  discussed  in  this  document  have  evolved  over  several  years;  they  are 
based  on  the  desire  to  define  techniques  that  lead  to  usable  and  realistic  predictions  of 
attenuation  in  long  fiber  links.  The  procedures  described  are  approved  and  sanctioned  by 
the  EIA  (Electronics  Industries  Association),  who  drafted  them  and  guided  them  through  the 
approval  stage. 

j 

A  comprehensive  interlaboratory  comparison  was  conducted  during  1980  to  establish  con- 
fidence and  provide  a  definitive  evaluation  of  the  EIA  procedure  [23].  In  the  following,  we 
discuss  that  interlaboratory  test.  The  material  presented  here  is  exerpted  from  reference 
23. 

4.1    Participants  and  Instructions 

The  participants  in  the  interlaboratory  comparison  included  NBS  and  nine  vendors  who 
are  members  of  the  EIA.  These  included  most  US  and  some  Canadian  manufacturers  of  fiber  or 
fiber  cable.  Participants  were  given  a  brief  description  of  the  physical  characteristics 
(manufacturer's  specifications)  of  the  test  fibers  and  special  handling  instructions.  The 
following  instructions  were  given. 
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For  mode  filter  launch: 

1.  Overfill  the  test  fiber  in  both  spot  size  and  numerical  aperture,  then  measure  the 
long  fiber  far-field  radiation  pattern  and  determine  8  ,  the  full  width  at  the  5 
percent  intensity  points. 

2.  Apply  a  mode  filter  to  the  test  fiber  and  adjust  until  the  far-field  radiation  pat- 
tern at  the  5  percent  intensity  points  from  a  1.8  m  length  is  9  with  a  tolerance  of 
+0,  -7  percent  (the  current  tolerance  is  -3  ±  3  percent).  This  procedure  qualifies 
the  mode  filter  for  the  attenuation  measurement. 

3.  Apply  the  same  mode  filter  to  the  test  fiber,  then  measure  the  attenuation  (mode  fil- 
ter is  in  place  and  undisturbed  for  both  long  and  short  length  measurements)  using  a 
reference  (cutback)  length  of  1.8  t  0.1  m  and  some  type  of  cladding  mode  stripper. 

For  LPS  launch: 

1.  Use  beam  optics  to  produce  a  launch  spot  with  a  diameter  at  the  50  percent  intensity 
points  of  70  ±  5  percent  of  the  core  diameter. 

2.  The  launch  numerical  aperture  determined  at  the  5  percent  intensity  points  shall  be 
70  ±  5  percent  of  the  fiber  numerical  aperture. 

3.  Use  manufacturer's  numbers  for  core  size  and  NA. 

4.  The  launch  spot  shall  be  centered  on  the  fiber  core. 

5.  Attenuation  shall  be  measured  using  a  reference  length  of  1.8  +  0. 1  m  and  some  type 
of  cladding  mode  stripper. 

In  addition  to  a  test  of  the  restricted  launch  conditions,  the  interlaboratory  tests 
provided  an  opportunity  to  compare  the  results  with  those  obtained  using  an  overfilled 
launch  condition.  This  provided  additional  insight  into  the  effect  of  the  two  launch  condi- 
tions on  measured  attenuation.  The  participants  were  asked  to  measure  attenuation  using 
overfill  conditions,  according  to  the  following  instructions. 

Overfilled  Launch: 

1.  Use  a  launch  spot  size  which  overfills  the  fiber  core. 

2.  Use  a  launch  numerical  aperture  of  0.24  or  the  next  larger  size  available  to  you. 

3.  In  making  the  measurement,  use  a  reference  (cutback)  length  of  1.8  t  0.1  ra  and  some 
type  of  cladding  mode  stripper. 

The  test  fiber  parameters  are  given  in  table  4. 
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Table  4.    Nominal  properties  of  comparison  fibers. 


Claddi  ng 

Core 

Buffer  coating 

Numerical 

Reel 

Length , 

Fi  ber 

O.D.  urn 

di a. ,  ym 

thickness,  pm 

aperture 

di  a. ,  cm 

km 

A 

125 

60 

170 

0. 24 

26 

2 

B 

125 

50 

70 

0.16 

32 

2 

C 

125 

60 

70 

0.18 

22 

2 

D 

125 

60 

thi  n 

0.20 

"v  30 

0.9 

polymer 

4.2    Comparison  Results 

This  interlaboratory  comparison  yielded  data  on  the  stability  of  fibers  that  are  sub- 
jected to  repeated  handling  and  shipping.  The  fibers  were  returned  to  NBS  and  remeasured 
after  each  participant's  measurement,  to  identify  trends.  One  of  the  four  fibers  (fiber  B) 
tended  toward  decreasing  attenuation  so  it  was  retired  after  five  participants.  The  one 
standard  deviation  spread  for  fibers  A,  B,  C,  and  D  was  0.06,  0.10,  0.08,  and  0.10  dB/km; 
precision  of  the  NBS  measurement  system  was  typically  0.1  dB/km  at  850  nm,  the  wavelength  of 
interest  in  this  comparison  test. 

Each  participant  was  told  the  fiber  length  and  results  were  reported  in  dB/km.  Parti- 
cipants typically  used  10  m  of  fiber  to  complete  all  measurements  and  were  requested  to  use 
no  more  fiber  than  needed  to  make  two  measurements  of  each  quantity.  NBS  monitored  the 
fiber  length  so  results  could  be  given  in  dB/km. 

Attenuation  results  from  10  participants  are  summarized  in  figures  29  through  32,  table 
5,  and  table  6.  A  few  reported  values  were  clearly  outside  the  dominant  distributions.  Of 
60  reported  values,  3  were  eliminated  as  being  unrepresentative.  Error  bars  represent  par- 
ticipants' estimates  of  their  own  system  precision,  plus  or  minus  one  standard  deviation, 
based  on  their  experience  with  other  fibers.  Average  system  precision  for  the  ten  partici- 
pants is  0.15  dB/km.  One  standard  deviation  measurement  spread  is  0.24,  0.11,  0.12,  and 
0.43  dB/km  for  fibers  A,  B,  C,  and  D;  the  average  is  0.23  dB/km.  Approximately  two-thirds 
of  the  participants  used  the  mode  filter  procedure;  the  remainder  chose  the  LPS  method. 
Mode  filters  included  mandrel  wraps,  serpentine  bends,  and  a  dummy  fiber.  The  average  mode 
filter  value  minus  the  average  beam  optics  value  is  +0.15,  -0.02,  -0.07,  and  +0.30  dB/km  for 
fibers  A,  B,  C,  and  D.  In  all  cases  these  offsets  are  less  than  one  standard  deviation  of 
the  mode  filter  values  by  themselves.  Therefore,  systematic  differences  between  the  two 
approaches  are  too  small  to  appear  in  the  comparisons  with  a  significant  level  of  confi- 
dence. Greater  differences  between  the  two  techniques  might  appear  in  fibers  which  have 
high  differential  mode  attenuation.  The  next  section  gives  measurement  results  on  two 
fibers  which  have  high  differential  mode  attenuation.  These  data,  supplied  by  P.  Reitz  of 
the  Corning  Glass  Works,  indicates  little  systematic  difference  between  the  two  techniques 
(for   these    fibers)    if    the   mode    filter   far-field   pattern    from   the   reference    length  is 
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Figure  29.    Results  of  restricted  launch  attenuation  measurements,  fiber  A. 
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Figure  30.    Results  of  restricted  launch  attenuation  measurements,  fiber  B. 
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Figure  31.    Results  of  restricted  launch  attenuation  measurements,  fiber 
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Figure  32.    Results  of  restricted  launch  attenuation  measurements,  fiber 
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Table  5.    Restricted  launch  attenuation,  850  nm  (dB/km). 


Participant 

Fiber  A 

Fiber  B 

Fiber  C 

Fiber  D 

726 

2.91 

2.44 

2.51 

3.77 

833 

2.  87 

2.  38 

2.  77 

525 

2.93 

2.41 

2.55 

3.40 

0/1/1 

o44 

q  on 
L.  oU 

c.  ol 

o  /in 

2.  49 

6.  DO 

662 

2.65 

2.15 

2.40 

4. 15 

307 

3.41 

2.72 

4.6 

119 

2.8 

2.6 

3.8 

129 

3.19 

038 

2.7 

2.5 

902 

Mean 

2.92 

2.34 

2.57 

3.89 

Standard  deviation 

0.24 

0.12 

0.12 

0.43 

Table 

6.  Overfilled 

launch  attenuation, 

850  nm  (dB/km). 

Participant 

Fiber  A 

Fiber  B 

Fiber  C 

Fiber  D 

726 

3.26 

2.67 

2.60 

4.95 

833 
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4.29 

2.58 

3.94 

Mean 

3.34 

2.62 

2.60 

4.69 

Standard  deviation 

0.39 

0.14 

0.04 

0.47 
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chosen  to  be  in  the  center  of  its  allowed  tolerance.  (See  additional  comments  in  the  fol- 
lowing section.) 

Overfilled  launch  results  are  given  in  table  6  for  the  four  fibers.  One  standard 
deviation  is  0.39,  0.14,  0.04,  and  0.47  dB/km  for  fibers  A,  B,  C,  and  D;  the  average  is  0.26 
dB/km.  Seven  participants  reported  initially  aligning  the  fiber  under  test  for  peak  trans- 
mitted power  while  two  placed  the  fiber  at  the  center  of  the  launch  spot;  there  is  no  signi- 
ficant difference  between  the  two  alignment  methods  for  overfilled  launch  conditions.  An 
earlier  comparison  had  a  0.6  dB/km  standard  deviation  [20],  Also,  the  average  of  the  stan- 
dard deviations  obtained  for  overfilled  launching  conditions,  0.26  dB/km,  does  not  differ 
much  from  the  0.23  dB/km  resulting  from  the  restricted  launch. 

Participants  did  significantly  better  on  some  fibers  than  on  others.  This  may  be  due 
to  differences  in  the  DMA  (differential  mode  attenuation)  for  the  fibers.  The  smallest 
measurement  spread  is  for  fiber  C,  which  exhibits  almost  no  differential  mode  attenuation. 
The  difference  between  overfilled  and  restricted  launch  attenuations  is  a  measure  of  differ- 
ential mode  attenuation  in  a  fiber;  differences  for  the  four  fibers  in  ascending  order  are 
0.03,  0.28,  0.42,  and  0.80  dB/km  for  fibers  C,  B,  A,  and  D,  respectively.  This  same  order 
occurs  when  fibers  are  listed  according  to  increasing  measurement  spread.  The  attenuation 
in  high  DMA  fibers  is  more  sensitive  to  launching  conditions. 

Fiber  D  has  a  high  0H~  concentration.  The  proximity  of  the  875  nm  0H~  absorption  line 
to  the  850  nm  measurement  wavelength  may  have  affected  the  results.  For  example,  the  slope 
of  the  spectral  attenuation  for  fiber  D  at  860  nm  is  +0.06  dB/nm,  whereas  when  loss  is 
limited  by  a  Rayleigh  scattering  as  in  C,  the  same  slope  is  -0.01  dB/nm.  A  small  positive 
offset  from  the  measurement  wavelength  in  addition  to  a  broad  source  linewidth  would  result 
in  a  higher  measured  attenuation  (fig.  33)  (some  participants  reported  using  20  nm  source 
1 i  newi  dths ). 

4.3    Attenuation  Measurements  in  High-DMA  Fibers 

The  largest  discrepancies  between  the  LPS  or  beam  optics  and  the  mode  filter  launch 
conditions  occur  in  fibers  having  high  DMA.  This  section  gives  results  for  two  1-km  fibers 
that  have  higher  DMA  than  the  comparison  fibers.  For  these  fibers,  attenuation  differences 
between  overfilled  and  restricted  launch  at  850  nm  are  1.74  and  0.72  dB/km.  Table  7  shows 
the  difference  between  the  LPS  and  the  mode  filter  launch  implemented  at  the  mid-point  and 
extremes  of  the  specified  tolerance  on  the  match  of  far-field  radiation  patterns.  Mode  fil- 
ters are  specified  from  the  far-field  radiation  angle  at  the  5  percent  intensity  points.  If 
0|_  is  the  radiation  angle  produced  using  overfilled  launching  conditions  to  the  test  fiber 
without  a  mode  filter,  and  es  is  the  radiation  angle  from  the  short  (reference)  length  with 
the  mode  filter  applied,  then  A0  =  (qs-0l)/0l*  For  the  corT1Pari sons ♦  tne  mode  filters  had  to 
produce  A9  values  between  0  and  -7  percent.  At  both  850  and  1300  nm,  the  mode  filter 
attenuation  values  at  the  tolerance  extremes  (0  and  -7  percent)  straddle  the  LPS  values.  At 
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Figure  33.    Spectral  attenuation  change  with  respect  to  the  comparison  wavelength 
of  850  nm  for  fiber  D.    An  OH"  absorption  line  occurs  at  875  nm. 


Table  7.    Attenuation  using  mode  filter  and  beam  optics  launches  in  two 
high  DMA  fibers  at  wavelengths  of  850  and  1300  nm  (dB/km). 

 Fiber  #1    Fiber  #2  

850  nm                1300  nm  850  nm                1300  nm 

Overfilled  launch                        4.16                    2.97  3.25  1.74 
LPS  launch; 

70%  core,  70%  NA                          2.42                     1.  11  2.53  0.94 

Attenuation  difference                 1.74                    1.86  0.72  0.80 


Mode  filter  attenuation  -  70/70  beam  optics  attenuation  for  various  values 
of  A  the  fractional  far-field  radiation  angle  mismatch  parameter 

A  =  0  +0.16  +0.11  +0.20  +0.38 

A  =  -3%  -0.05  -0.04  +0.03  +0.12 

A  =  -7%  -0.27  -0.29  -0.  11  -0.08 
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-3  percent,  near  the  tolerance  mid-point,  attenuation  values  obtained  by  the  two  approaches 
are  nearly  the  same. 

The  results  experienced  in  these  tests  may  not  be  typical  of  the  results  from  other 
high  DMA  fibers.  This  is  because  the  exact  nature  of  DMA  may  be  instrumental  to  the  rela- 
tionship between  the  LPS  and  the  mode  filter  launch.  Some  fibers  may  experience  high  DMA 
among  low  order  modes  but  low  DMA  among  high  order  modes.  For  other \fibers,  the  converse 
may  be  true.  For  still  other  fibers,  high  DMA  may  prevail  only  in  the  mid-range  of  modes. 
The  results  given  in  table  7  are  not  typical  of  the  results  that  would  obtain  under  these 
diverse  conditions. 

4.4    Summary  of  Interl aboratory  Comparisons 

The  results  described  above  suggest  the  following: 

1.  Measurement  agreement  for  attenuation  has  improved  since  the  last  NBS-sponsorea 
comparisons  [24]. 

2.  Uncabled  fibers  exhibit  good  stability  as  comparison  fibers  if  proper  attention  is 
given  to  buffering  and  winding  configuration. 

3.  Restricted  and  overfilled  launching  conditions  for  attenuation  measurements  yield 
similar  standard  deviations  on  some  types  of  graded-index  fiber. 

4.  The  LPS  and  mode  filter  launch  conditions  yield  nearly  the  same  attenuation  on  many 
types  of  long  graded-index  fibers. 

5.  The  0.12  and  0.04  dB/km  standard  deviations  obtained  for  fiber  C  indicate  syste- 
matic differences  between  participants.  These  arise  from  various  non-modal  effects 
such  as  failure  to  strip  cladding  light,  nonlinear  detection,  and  incorrect  wave- 
length. Systematic  differences  are  near  or  less  than  the  average  claimed  system 
precision  of  0.15  dB/km.  As  DMA  decreases  in  future  high-quality  fibers,  measure- 
ment agreement  is  expected  to  improve. 

6.  Standard  deviations  on  some  fibers  are  near  typical  system  precisions.  Further 
improvements  will  require  better  system  precisions  or  the  use  of  many  measurements 
and  confidence  intervals. 
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APPENDIX  A.    MODE  VOLUME  AND  LIMITED  PHASE  SPACE 


This  appendix  is  addressed  to  the  plausibility  of  agreement  in  the  measured  results 
when  using  the  LPS  and  the  mode-filter  launch  conditions.  The  LPS  launch  depends  only  on 
conditions  at  the  input  face  of  the  fiber.  The  mode-filter  launch  is  based  on  the  far-field 
pattern  of  the  fiber.  Nevertheless,  the  plausibility  of  agreement  is  discussed  in  section 
2.3.  The  subject  is  pursued  further  by  examining  the  number  of  modes  excited  by  a  limited 
phase  space  launch. 

The  number  of  guided  modes  (M)  in  a  heavily  overmoded  fiber  having  a  power-law  refrac- 
tive index  profile  is  found  by  integrating  the  normalized  wave  number  over  the  fiber  core 
and  multiplying  by  2  to  account  for  the  two  allowed  polarization  states: 

M  =      /  /  [k2(x,y)  -  k|)  dx  dy.  (A-l) 

Converting  to  circular  cylindrical  coordinates  and  assuming  a  power-law  profile  with  profile 
parameter  g: 

k2  =  &Z  n2[1  .  2A(r/a)g],  (A-2) 

A  1 


k2  =  r|l)2  n2[1  _  2aL  (a_3) 

2         a  1 

where  r\l  is  the  refractive  index  at  r  =  0  and 

n(r)  =  n  [1  -  2A(r/a)9]1/2.  (A-4) 

Consider  the  mode  volume  (the  number  of  guided  modes)  between  r  =  0  and  r  =  u: 

2a  n  2    2*  u 

M(u)  =  (ilj'—gJ-J    /    [1  -  (r/a)9]  rd+dr.  (A-5) 

o  o 

Several  special  cases  are  of  interest  (V  =  (2Tra/X)/n^  -  n|) : 

Case  I:       u  =  a,  g  =  «>  (step  index  fiber)  (A-6) 
M  =  V2/2 

Case  II:      u  =  a,  g  =  2  (parabolic  profile)  (A-7) 
M  =  V2/4 

Case  III:    u  =  a//2,  g  =  2  (A-8) 
M  =  (V2/4)  •  3/4 
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Cases  I  and  II  are  well  known;  they  imply  a  3  dB  loss  when  coupling  from  a  step-index  fiber 
to  a  parabolic  profile  fiber.  Cases  II  and  III  are  of  interest  to  this  discussion.  They 
imply  a  loss  of  1.25  dB  in  coupling  a  filled  parabolic  fiber  (filled  in  both  core  size  and 
numerical  aperture)  to  an  identical  fiber  through  an  aperture  of  radius  a//2,  using  a  per- 
fect butt  joint. 

This  1.25  dB  loss  is  consistent  with  the  concepts  of  LPS.  To  see  this,  note  first  that 
leaky  modes  should  be  ignored  since  thev  were  not  included  in  the  foregoing.  Consider, 
then,  eqs  (2-27): 

P       +  P 

pLPS  .  2p    =  3/4  (1.25  dB),  (A-9) 
LPS  d 

Which  agrees  with  eqs  (A-8)  and  (A-7). 
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Chapter  2 


Measurement  of  Optical  Fiber  Bandwidth 
in  the  Frequency  Domain 

G.  W.  Day 


The  design,  evaluation,  and  performance  of  a  system  for  determining  the  magnitude  of 
the  transfer  function  (hence,  the  bandwidth)  of  a  multimode  optical  fiber  are  presented. 
The  system  operates  to  about  1450  MHz  using  a  tracking  generator/spectrum  analyzer 
combination  for  narrowband  detection.  It  is  constructed,  almost  entirely,  from  commercially 
available  components.  The  system  is  less  complex  and  easier  to  use  than  an  equivalent  time 
domain  system  and  the  measurement  precision  is  comparable.  Background  information  on  time 
and  frequency  domain  specifications,  fiber  bandwidth  limitations,  and  alternate  frequency 
domain  techniques  is  also  presented. 
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1.  INTRODUCTION 


In  determining  the  parameters  of  optical  fibers,  measurement  practice  is  evolving 
rapidly  as  the  accumulated  experience  of  manufacturers  and  users  and  the  work  of  standards 
groups  leads  toward  uniformly  accepted  techniques.  This  chapter  is  intended  to  describe  the 
present  design  and  capability  of  fiber  measurement  systems  now  in  use  at  the  National  Bureau 
of  Standards.  These  systems  are  perhaps  representative  of  current  practice  in  the 
industry.  Many  of  the  techniques  described  will  also  be  relevant  to  future  systems.  The 
topic  of  this  particular  document  is  the  measurement  of  fiber  bandwidth  as  a  means  of 
specifying  the  maximum  rate  at  which  information  may  be  transmitted  through  the  fiber.  In 
particular,  it  describes  a  frequency  domain  measurement  system  generally  used  to  character- 
ize graded  index  fibers  in  the  820  nm  spectral  region.  Much  of  the  discussion  is  general 
and  can  be  applied  to  other  bandwidth  measurement  systems. 

Sections  2  and  3  are  tutorial  and  are  designed  to  facilitate  an  understanding  of  the 
later  sections.  Section  2  is  a  compilation  of  the  concepts  and  terms  used  in  the  specifica- 
tion of  the  bandwidth  of  any  transmission  medium.  Both  time  domain  and  frequency  domain 
concepts  and  correspondence  relations  are  included  to  accommodate  those  who  may  have  a  pre- 
ference for  one  or  the  other  approach.  Section  3  is  a  review  of  those  characteristics  of 
fibers  that  determine  bandwidth  limitations.  It  is,  by  necessity,  only  a  brief  overview 
though  the  indicated  references  should  be  sufficient  to  guide  the  reader  to  more  complete 
treatments. 

Various  frequency  domain  methods  have  been  used  for  fiber  characterization.  Section  4 
summarizes  these  methods  and  discusses  some  of  the  relative  merits  of  each. 

Section  5  describes  the  design  of  the  system  now  in  use  at  NBS  in  some  detail.  Section 
6  describes  the  measurement  procedure  used  and  the  quality  of  measurements  obtained. 

2.    TIME  DOMAIN  AND  FREQUENCY  DOMAIN  SPECIFICATIONS:    CONCEPTS  AND  TERMINOLOGY 

Most  frequently,  information  is  transmitted  through  an  optical  fiber  by  intensity  modu- 
lating an  optical  carrier.  The  modulation  may  be  digital,  that  is,  in  the  form  of  discrete 
states,  or  it  may  be  analog.  In  either  case,  the  maximum  rate  at  which  information  may  be 
transmitted  is  determined  by  the  way  that  the  fiber,  through  various  mechanisms,  acts  to 
modify  or  distort  the  modulation.  In  this  section  we  discuss  the  different  ways  that  these 
limitations  may  be  specified,  before  examining  the  specific  limiting  mechanisms  in 
section  3. 

In  all  cases  we  assume  that  the  fiber  will  behave  linearly  with  respect  to  the  inten- 
sity rather  than  the  ampl itude  of  the  optical  field.    We  know  that  this  will  be  true  for  a 
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Figure  1.  The  output  waveform  of  a  linear  system,  P2(t),  can  be  described  as  the  convo- 
lution of  the  input  waveform,  P1(t)  and  the  impulse  response,  h(t),  of  the 
system.  In  a  transmission  medium  the  impulse  response,  that  is  the  response  to 
an  impulse  at  t=0,  is  characterized  by  a  delay  corresponding  to  the  propagation 
time  and  distortion. 

sufficiently  incoherent  source,  that  is,  a  source  having  a  sufficiently  broad  spectral 
width.  It  will  not  be  true  for  a  coherent  or  monochromatic  source.  Generally  the  assump- 
tion of  linearity  in  intensity  is  believed  to  be  adequate  when  the  spectral  width  of  the 
source  is  large  compared  to  the  highest  frequency  components  of  the  modulating  signal  [1]. 
As  a  point  of  reference,  a  1  nm  spectral  width  at  850  nm  corresponds  to  a  frequency  range  of 
415  GHz. 

2.1    Time  Domain  Concepts 

With  the  assumption  of  linearity  and  time  invariance  we  can  relate  the  time  dependence 
of  the  modulating  signal  at  the  output  to  that  at  the  input  through  the  convolution 
integral .    We  write 

00 

P2(t)  =  /    Pi(t)  h(u-t)  du  =  Pl(t)  *  h(t),  (1) 
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where  pl{t)  is  the  modulating  signal  applied  at  the  input,  p2(t)  is  the  modulation  observed 
at  the  output,  and  h(t)  is  the  modulation  waveform  that  would  appear  at  the  output  when  a 
modulation  waveform  that  was  sufficiently  brief  that  it  could  be  considered  to  be  a  true 
impulse  was  applied  at  the  input  (fig.  1).  The  effect  of  propagation  through  the  fiber  is 
thus  completely  specified  through  a  knowledge  of  h(t),  which  is  known  as  the  impul se 
response  of  the  fiber.  If  h(t)  could  be  reliably  determined  it  would  therefore  be  a  parti- 
cularly well  suited  parameter  for  measurement. 

As  a  practical  matter,  it  is  often  not  feasible  to  provide  an  input  waveform  that  is  of 
sufficiently  brief  duration  to  be  considered  an  impulse,  nor  may  it  be  possible  to  solve  eq 
(1)  accurately  for  h(t)  given  p  (t)  and  p2(t).     Therefore  one  commonly  resorts  to  approxi- 
mate methods  of  describing  h(t). 

One   common   but   in   general    highly   approximate   method   is   to  use  the  concept  of  FDHM 

(ful  1  -du rat i on -ha  1 f -maximum)   pul se-broadeni ng.      If  the  measured  input  waveform  is  a  pulse 

with  a  FDHM  of  D  ,  and  the  measured  FDHM  of  the  output  waveform  is  D2 ,  then  the  FDHM  of 
h(t),  D^,  may  be  estimated  by 

Dh  ~  (Df  -  Df)1/2.  (2) 

The  attractiveness  of  this  approximation  results  from  the  ease  with  which  it  may  be 
applied.  Its  usefulness  depends  on  the  shape  of  Px(t)  and  h(t),  (and  therefore  on  p2(t)) 
and  on  their  relative  durations. 

The  approximation  in  eq  (2)  becomes  an  equality  when  PL(t)  and  h(t)  have  Gaussian  time 
dependences.  For  high  quality  graded  index  fibers,  h(t)  frequently  resembles  a  Gaussian 
shape.  Therefore,  if  p  ( t )  also  resembles  a  Gaussian,  as  it  does  in  many  cases  of  interest, 
the  approximation  may  be  useful,  improving,  of  course,  as  D  is  made  smaller.  When  h(t) 
assumes  other  shapes,  as  for  example  in  a  step  index  fiber,  the  approximation  becomes  rather 
poor. 

A  better  approximate  method  of  characterizing  h(t)  is  through  an  examination  of  its 
moments.    The  moments  of  a  time  varying  function  f(t)  are  defined  as  [2] 

CO 

Mn  =  /  tnf(t)  dt,  (3) 

—  CO 

where  n  is  an  integer.  The  zeroth  moment,  MQ,  is  a  simply  the  area  under  f(t).  The  first 
moment,  when  normalized  to  MQ,  is  known  as  the  central  time, 

T  =  M1/MQ.  (4) 
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The  variance,  which  is  related  to  the  first  three  moments,  turns  out  to  be  a  particularly 
useful  analytic  tool  in  characterizing  the  impulse  response  approximately  with  a  single 
number.     It  is  given  by 

oo 

o2  -  I    !    (t-T)2  f(t)dt  (5) 
o  -°° 

M    "  T  •  (6) 

o 

The  square  root  of  the  variance  of  h(t),  a^,  is  known  as  the  rms  pulse  broadening. 

The  variance  possesses  a  very  useful  attribute  related  to  the  operation  of  convolution. 
It  is  that  the  variance  of  f(t)  convolved  with  g(t)  is  exactly  equal  to  the  sum  of  the  vari- 
ances of  f(t)  and  g(t)    [2].    That  is,  since  [eq  (1)] 

P2(t)  =  Pi(t)  *  h(t) 

then 

a n2  =  a n2  +  a?.  (7) 
P2       Pi       h  v  ' 

Thus,  if  we  could  accurately  measure  Op    and  Op    we  could  obtain  a^.    The  usefulness  of 
in  system  design  has  been  discussed  by  Personick 


Unfortunately,    for   technical    reasons,    it   is   difficult   to  measure   directly  on  and 

1  l 

o    .    The  variance  of  the  impulse  response  and  the  rms  pulse  broadening  are  thus  less  useful 

^2 

means  of  experimentally  characterizing  a  fiber  than  one  might  like  or  suppose. 


Another  measure  of  the  duration  of  the  impulse  response  that  may  be  useful  is  its  equi 
valent  duration  defined  as 


D 


/  h  (t)  dt 

(8) 


eq  h(T) 

Deq  is  thus  the  duration  of  a  rectangular  waveform  that  has  the  same  "height"  as  h(t)  anc 
encompasses  the  same  area  as  h(t).    The  usefulness  of  Deq  arises  primarily  from  a  correspon-j 
dence  relation  described  in  section  2.3  below;  it  is  most  useful  when  h(t)  is  even,  that  is 
symmetric,  about  its  central  time. 

The   relationship  among  a^,   D^,   and  Dgq  for  a  Gaussian   impulse   response  is  shown  ir 

figure  2. 
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Figure    2.    The    relationship    among    three    methods    of    characterizing   a    Gaussian  impulse 
response.    DpDHM  =  2.33  a;  D     =  2.48  a. 


2.2    Frequency  Domain  Concepts 

The  same  conditions  that  allow  the  use  of  the  convolution  integral  [eq  (1)]  to  relate 
input  and  output  waveforms  allow  us  to  develop  equivalent  relations  in  the  frequency  domain 
through  the  use  of  the  Fourier  transformation,  or  if  the  integrals  of  the  waveforms  are  un- 
bounded, through  the  Laplace  transform.  For  this  work  we  choose  the  symmetrical  form  of  the 
Fourier  transform  pair: 

F(f)  =  /    f(t)  el2lTftdt 

—  oo 

(9) 

oo  ,  _  _ 

f(t)  =  /    F(f)  e"l2lTftdf. 

—  00 

We  use  the  convention  that  frequency  domain  functions  are  identified  by  upper  case  symbols 
with  the  corresponding  lower  case  symbols  for  the  corresponding  time  domain  function. 

F(f)  is,  in  general,  a  complex  function, 
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F(f)  =  Re  [F(f)]  +  ilm  [F(f)]. 


(10) 


Since  f(t)  is  a  real  function,  certain  things  can  be  said  about  the  real  and  imaginary  parts 
of  F(f ).  In  particular,  F(f)  is  Hermitian;  that  is  the  real  part  Js  even  with  respect  to 
f  =  0  and  the  imaginary  part  is  odd  with  respect  to  f  =  0.  Furthermore,  if  f(t)  is  even 
about  t  =  0,  Im[F(f)]  =  0. 

It  is  frequently  convenient  to  write  F(f)  in  polar  form, 

F(f)  =  |F(f)|  e    h  (11) 
which  is  related  to  the  rectangular  form  through 

|F(f)|2  =  (Re[F(f)])2  +  (Im[F(f)])2  (12) 

and 

<DF(f)  =  tan-1  (Im[F(f)]/Re[F(f)]).  (13) 

The  usefulness  of  these  representations  comes  largely  from  the  frequency  domain  analog 
of  convolution.    Specifically  if  eq  (1)  holds,  then  it  is  easy  to  show  that 


P2(f)  =  Px(f)  H(f).  (14) 

H(f),  the  Fourier  transform  of  h(t),  is  generally  known  as  the  transfer  function  of  the 
fiber.  It  is  sometimes  also  called  the  frequency  response,  or  to  emphasize  that  px(t)  and 
P2(t)  are  modulation  functions  it  may  be  called  the  modulation  transfer  function.  |H(f)|  is 
known  as  the  magnitude  of  the  transfer  function  and  represents  the  diminution  that  each 
spectral  component  of  the  input  waveform  suffers  during  propagation.  ^(f)  ">s  known  as  the 
phase  of  the  transfer  function  and  represents  the  shift  in  phase  angle  that  each  spectral 
component  incurs.  With  respect  to  <f>H(f)  it  is  useful  to  define  the  group  (or  envelope) 
delay  as 

1  dVf) 

T(f)  =  -f— ^  (15) 
g  2tt  df 

which  represents  the  delay  that  the  spectral  components  at  frequency  f  of  the  envelope  of  p 
incur   (fig.    3).     This  is  distinguished  from  the  delay  that   individual   components  suffer 
which  is  known  as  the  phase  delay  given  by 

i  Vf) 

x  (f)  =  -f  -V- -•  <16) 

p  a  f 
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Frequency,  MHz 


Figure  3.  Characteristics  of  a  high  bandwidth  fiber  having  an  approximately  Gaussian 
impulse  response.  The  magnitude,  if  plotted  linearly,  would  be  approximately 
Gaussian,  as  well.  The  phase,  if  measured,  would  be  nearly  linear  with  a  slope 
of  -2ttt  rad/Hz,  where  tq  is  the  propagation  time.  The  group  delay  is  nearly 
independent  of  frequency.  (These  measurements  were  taken  with  a  developmental 
system  similar  to  that  shown  in  figure  5.) 

The  shift  theorem  states  that  if  F(f)  is  the  transform  of  f(t)  then  F(f )e~2lTi fT  is  the 
transform  of  f(t-T).  Therefore,  when  the  impulse  response  is  characterized  in  part  by  a 
time  delay,  as  in  the  case  of  a  fiber  or  other  transmission  medium,  the  phase  of  the  trans- 
fer function  contains  a  term  linear  in  frequency  which  accounts  for  the  distortion-free 
delay  plus  a  term  that  represents  phase  distortion, 

•H(f)  =  -(2*  T()f  +  2^  Y(f)).  (17) 

Thus  the  group  delay  in  this  case  consists  of  a  constant,  tq,  plus  a  frequency  dependent 
term,  dy(f)/df.  It  is  this  latter  term,  together  with  |H(f)|,  which  represents  the  total 
distortion   and  which   therefore   determines   the   highest   rates  at  which   information  can  be 
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transmitted.  It  may  be  useful  to  think  of  |H(f)|  as  contributing  a  symmetric  distortion  and 
y(f)  as  contributing  an  antisymmetrical  distortion  [4]. 

In  the  time  domain  representation,  it  was  noted  that  h(t)  was  a  complete  representation 
of  the  system.  In  the  frequency  domain  it  can  be  shown  that  since  the  system  is  causal 
(output  does  not  begin  before  input)  that  either  Re[H(f)]  _or_  Im[H(f)]  is  a  complete  repre- 
sentation and  in  fact  one  can  be  computed  from  the  other  through  the  Hilbert  transform  [2]. 
However,  neither  |H(f)|  nor  y(f)  is  a  complete  representation  of  a  system,  except  for  those 
systems  known  as  minimum  phase  systems.  Fibers  are  not,  in  general,  minimum  phase  systems 
[5]. 

In  spite  of  its  incompleteness,  |H(f)|,  typically  normalized  to  its  value  at  f  =  0,  is 
often  used  as  the  principal  means  of  specifying  a  fiber.  To  futher  reduce  the  characteriza- 
tion to  a  single  number  rather  than  a  function  it  is  common  to  indicate  the  -3  dB  bandwidth, 
that  is  the  lowest  frequency  at  which  |H(f)|  =  0.5  or  |H(f)|db  =  -3  dB.  Alternatively,  one 
might  choose  a  specification  of  bandwidth  at  another  level,  say  -6  dB,  or  -1.5  dB.  The 
latter  value  may  be  attractive  since  in  a  detector  or  source  an  electrical  quantity,  current 
or  voltage,  is  proportional  to  optical  power.  Electrical  power  is  thus  proportional  to 
optical  power  squared  and  | H ( -T" )  | d t»=  corresponds  to  a  -3  dB  specification  in  terms  of 

electrical  power. 

2.3    Correspondence  Relations 

In  addition  to  the  correspondence  between  convolution  in  the  time  domain  and  multipli- 
cation in  the  frequency  domain,  many  other  relations  between  time  and  frequency  domain  quan- 
tities can  be  derived.    Some  are  useful  for  component  characterization;  others  are  not. 

The  similarity  theorem  [2]  states  that  if  f(t)  has  the  Fourier  transform  F(f)  then 
f(at)  has  the  transform  |l/a|  F(f/a).  Thus,  when  comparing  two  impulse  responses  of  identi- 
cal shape,  the  ratio  of  durations  at  any  arbitrarily  defined  points,  say  the  50  percent 
points,  is  inversely  proportional  to  the  ratio  of  bandwidths  at  an  independently  chosen 
level ,  say  -6  dB. 

The  moments  of  h(t)  can  be  expressed  in  terms  of  frequency  domain  quantities  through 

[2] 

°°  n 
M    =  /    tnh(t)dt  =  H  (0)    ,  (18) 
-oo  (-2tt1  ) 

where  Hn(0)  is  the  value  of  the  nth  derivitive  of  H(f)  evaluated  f  =  0.  These  relations  are 
probably  not  directly  useful  in  metrology  because  of  the  difficulty  in  reliably  evaluating 
Hn(0).    However,  they  do  lead  to  what  may  be  useful  approximations. 
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From  eq   (18)  and  the  reciprocal   nature  of  the  transform  we  can  relate  the  equivalent 
width  of  the  impulse  response  to  the  equivalent  width  of  the  transfer  function,  as  follows: 


/  h(t)dt 

H(0) 


h(0) 

/    H(f)  df 

—  00 

or  somewhat  more  generally  using  the  shift  theorem 

oo 

/  h(t)dt 


(19) 


SiSJ  .  (20) 


/  H(f)ela7TfTdf 

—  00 

This  expression  is  probably  most  useful  where  f(t)  is  symmetrical  about  T,  for  then  the 
argument  of  the  integral  on  the  right  side  of  eq  (20)  is  real  and  equal  to  the  transform  of 
h(t-T). 

Because  of  the  additive  property  of  the  variance  in  convolution  it  would  be  desirable 
to  usefully  relate  the  variance  to  frequency  domain  quantities.  The  relation  that  arises 
from  eq  (18)  is  probably  not  useful  for  the  reasons  noted  before.  An  alternate  approach 
might  be  to  express  the  transform  in  terms  of  the  moments  of  h(t)  by  writing  e^TT^t  as  a 
power  series 

2 

,,rj:\       r  /i       i  2-rrft       (i2irft)  > 

H(f)  =  /  h(t)  (1  +  +  — '—  +  ...  )dt. 


Then 


and 


2 

H(f)  =  M0  +  i  2ttM ! f  -  M2f2  + 


|H(f)|2  =  H(f)  H*(f) 


=  MQ2(l-(21r)2ah2f2+  ...).  (21) 

Thus  one  may,  at  least  in  principal,  obtain  ah  by  fitting  |H(f)p  to  a  power  series  in  f  and 
isolating  the  coefficient  of  f2.  The  practical  usefulness  of  this  approach  has  not  as  yet 
been  explored. 
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2.4    Specification  Choices 

Given  the  array  of  parameters  outlined  in  the  above  sections,  it  is  often  not  clear  how 
best  to  specify  the  information  carrying  capacity  of  a  fiber.  The  choice  undoubtedly 
depends  on  the  type  of  fiber,  the  characteristics  of  the  system  in  which  it  will  be  used, 
measurement  considerations,  and  the  experience  and  preference  of  the  designer. 

It  is  sometimes  suggested  that  time  domain  specifications  should,  be  used  for  digital 

systems  and  frequency  domain  specifications  for  analog  systems.  Since  the  larger  fraction 

of  fiber  systems  will  be  digital,  one  might  expect  time  domain  specifications  to  dominate. 
Such  has  not  been  the  case  in  industry. 

In  the  U.S.,  the  majority  of  manufacturers  use  time  domain  measurement  methods  but  spe- 
cify their  product  by  the  -3  dB  bandwidth.  The  reasons  are  several.  Early  in  the  develop- 
ment of  fiber  systems  it  was  easier  to  obtain  suitable  sources  for  pulsed  measurements  than 
for  cw  measurements.  However,  it  is  difficult,  for  technical  reasons,  to  obtain  an  accurate 
impulse  response  or  an  accurate  value  for  rms  pulse  broadening;  hence  frequency  domain  com- 
putations. And,  perhaps  more  importantly,  it  seems  to  be  the  preference  of  most  designers 
to  use  bandwidth  specifications.  In  Japan,  a  different  situation  has  evolved  in  that  many 
manufacturers  use  both  frequency  domain  specifications  and  frequency  domain  measurement 
techniques. 

If  frequency  domain  specifications  continue  to  dominate,  it  seems  likely  that  frequency 
domain  measurements  will  grow  in  popularity.  With  presently  available  components,  frequency 
domain  systems  are  easier  to  construct,  simpler  to  operate,  and  more  direct  in  computation. 
Their  precision  is  comparable  to  time  domain  systems  on  short  fibers;  for  long  fibers  they 
offer  easier  signal  averaging. 

3.      BANDWIDTH  LIMITATIONS  IN  MULTIMODE  FIBERS 

3.1    Distortion  Mechanisms 

Regardless  of  general  preferences  for  time  domain  or  frequency  domain  representations, 
it  turns  out  to  be  more  convenient  to  consider  the  limiting  mechanisms  in  the  time  domain, 
specifically  as  sources  of  variation  in  propagation  time.  These  variations,  which  lead  to 
waveform  distortion,  arise  in  two  separable  categories.  One  comes  from  differences  in  pro- 
pagation constants  between  individual  modes  or  mode  groups,  and  is  called  intermodal  dis- 
tortion. The  other  comes  from  the  variation  in  the  propagation  constant  of  individual  modes 
with  wavelength,  called  intramodal  dispersion.  For  a  non-zero  source  spectral  width,  intra- 
nodal dispersion  results  in  additional  waveform  distortion. 

3.1.1    Intermodal  Distortion 

In  a  step  index  fiber,  if  one  assumes  that  the  angle  that  a  light  ray  makes  with  the 
axis   corresponds   to  a  particular  mode  designation   it   is   intuitive  that  high  order  modes 
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(high  angle  rays)  will  propagate  more  slowly  than  low  order  modes.  Thus  a  propagating  pulse 
will  be  broadened.  It  has  long  been  known  that  by  properly  tailoring  the  refractive  index 
distribution  these  intermodal  differences  can  be  minimized. 


For  a  optical  waveguide  in  which  the  maximum  difference  in  refractive  index  between  the 
core  and  cladding  is  about  a  percent,  Gloge  and  Marcatilli  [6]  have  shown  how  the  refractive 
index  profile  may  be  optimized.    They  considered  a  class  of  profiles  given  by 

ni  [  l-2A(r/a)g]1/2        for  r<a 
n  (r)  e  ,  (22) 

n1[l-2A]^2  =  n2  for  r>a 


where  n(r)  represents  the  refractive  index  as  a  function  of  radius,  n  is  the  refractive 
index  on  axis,  a  is  the  core  radius,  n2  is  the  refractive  index  in  the  cladding  and  A  is  a 
parameter  related  to  the  difference  between  n    and  n2  given  by 


nl    "  ni  (23) 


2  nx 


2 —  *  (ni  "  n2)/n1. 


The  parameter  g,  known  as  the  profile  parameter,  takes  on  values  between  1  and  °°.  As  it 
does  so  one  may  consider  a  broad  range  of  profiles  from  triangular  (g  =  1)  to  parabolic 
(g  =  2)  to  step  (g  =  »). 

Analysis  of  these  profiles  shows  that  the  duration  of  the  impulse  response  is  a  func- 
tion of  g  and  A.  In  particular,  under  the  assumption  that  n(r)  is  independent  of  wave- 
length, it  was  shown  [6]  that  for  a  particular  value  of  g  given  by 


9opt  -  2  -  24  (24) 

the  duration  of  the  impulse  response  goes  to  zero. 

Olshansky  and  Keck  [7]  have  extended  the  work  of  [6]  to  include  the  variation  in  re- 
fractive index  with  wavelength.  They  give  an  approximate  expression  for  the  rms  duration  of 
the  impulse  response  due  to  intermodal  effects  as  follows: 


a. 


j-Nj  a     g       g  +  2     g  -  2  -  p 


INTER       2C      g  +  1    3g+2'  g+2 

where 


(25) 


69 


is  known  as  the  material  group  index  and  P,  sometimes  known  as  the  profile  dispersion  para- 
meter, is  given  by 


From  eq  (25) ,  gopt  is  seen  to 


be 


Nj  A  dX  v  ' 


%t  ■ 2  +  p  <28> 


or,  from  a  more  exact  version  of  eq  (25)  [7], 

g  =  2  +  p  -  a  (4;p)'3;p)  .  (29) 

yopt  (5+2P)  v  1 

For  P  =  0,  eq  (29  is  approximately  equal  to  eq  (24). 

In  any  case,  it  is  apparent  from  eq  (25)  and  (29)  that  even  though  P  is  small,  its 
effect  can  be  to  make  o inter  and  hence  the  fiber  bandwidth  a  strong  function  of  wavelength, 
particularly  when  the  fabrication  of  the  fiber  is  such  that  g  ~  9Q^»  Several  authors  [8] 
have  studied  the  variation  in  the  intermodal  distortion  with  wavelength  experimentally  and 
have  observed  large  variations. 

3.1.2    Intramodal  Dispersion 

To  understand  the  broadening  that  occurs  within  a  single  mode  it  is  necessary  to  iden- 
tify those  parameters  that  determine  the  velocity  of  propagation  of  a  mode.  Consider  the 
effective  phase  index  of  a  mode,  nyv,  which  is  the  ratio  of  the  speed  of  light  in  vacuum  to 
the  phase  velocity  of  the  mode.  For  each  mode  nyv  varies  between  n1  at  short  wavelengths 
(far  above  cutoff)  where  the  power  is  confined  near  the  axis  to  n2  at  cut-off  where  the 
power  propagates  through  the  cladding.  For  a  specific  mode,  nyv  depends  on  the  core  radius, 
the  wavelength  explicitly,  and  on  n  (x),  A(X),  and  g(x).    That  is, 

n^v  =  f(a,  X,  n ! ,  A,  g).  (30) 

It  should  not  be  inferred  from  this  relation  that  the  dependence  of  nyv  on  these  parameters 
is  separable.  However,  it  is  usual  to  identify  the  dependence  on  a/x,  which  would  be  pre- 
sent even  if  the  waveguide  were  composed  of  dispersion-free  glass,  as  waveguide  dispersion. 
Then  n^x)  is  said  to  give  rise  to  material  dispersion,  a(x)  to  profile  dispersion,  and  g(x) 
to  what  might  be  called  profile  parameter  dispersion. 

For  those  modes  farthest  from  cut-off 

%v  *  ni(X).  (31) 
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We  therefore  expect  that  material  dispersion  will  be  the  dominant  contributor  to  intramodal 
dispersion  except  perhaps  near  where  dn  /dx  =  0. 

In  the  limit  of  expression  (31)  the  velocity  of  propagation  (both  phase  and  group) 
approaches  that  of  a  plane  wave  in  a  medium  of  refractive  index  n^X).  The  propagation 
constant  in  that  case  is  0  =  2irn1(x)/x.      The  time  for  a  pulse  to  propagate  a  distance  L  is 

L      i  de     L  i      ,  dni\      L  m  no\ 
t     =  —  =  L  —  =  —  (n,  -X  —L)  =  —  N,  ,  (32) 

uv     v  dcj     c  v  1      dX        c  1 

g 

where  Vg  is  the  group  velocity  and  N1  is  the  material  group  index  as  stated  earlier. 
The  intramodal  pulse  broadening  then  becomes 

dTy v  =       L  dNj 
aINTRA  "  Material      °s    dX    "  °s  c  dx 

=  -a   -  =  -o  LM,  (33) 

s  c  dx2  s  ; 

where  omater^a^  is  the  rms  pulse  broadening  due  to  material  dispersion,  os  is  the  rms  spec- 
tral width  of  the  source,  and  M  is  known  as  the  material  dispersion  parameter. 

For  most  glasses  M  is  zero  at  a  wavelength  near  1.3  ym.  At  shorter  wavelengths  it  is 
positive  and  at  longer  wavelengths  negative.  M  is  not  a  strong  function  of  glass  composi- 
tion. At  800  nm  its  value  for  most  glasses  falls  in  the  range  of  120-150  ps/nm*km  and  at 
900  nm,  70-90  ps/nm'km. 

3.2    Separation  of  Chromatic  and  Monochromatic  Distortion 

With  regard  to  measurements,  the  most  important  aspect  of  the  above  discussion  is  the 
extent  to  which  the  total  distortion  or  bandwidth  depends  on  the  spectral  characteristics  of 
the  source.  Because  the  material  of  which  the  fiber  is  composed  is  dispersive,  both  oj^-j-r^ 
and  o^y^  depend  on  wavelength.  Further,  oj^-p^^  is  proportional  to  the  spectral  width  of 
the  source  (os).  Within  the  limits  of  the  analysis  center  is  independent  of  a$.  The  prob- 
lem, then,  is  in  interpreting  measurement  results. 

The  variation  of  intermodal  pulse  broadening  with  wavelength  is  not  readily  predict- 
able. It  is  thus  difficult  to  use  measurements  at  one  wavelength  to  design  a  system  that 
will  operate  at  another  wavelength.  Appropriate  sources  are  available  over  most  of  the 
range  at  which  systems  are  likely  to  operate  but  economic  considerations  generally  preclude 
routine  spectral  bandwidth  measurements. 

The  dependence  of  bandwidth  on  source  spectral  width  generally  causes  greater  diffi- 
culty in  measurements.  It  is  usually  not  possible  to  choose  a  source  for  measurement  that 
will   have  the  same  spectral   line  shape  as  will   be  found  in  the  system  in  which  the  fiber 
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will  ultimately  be  used.  It  is  also  difficult  to  accurately  separate  chromatic  and  mono- 
chromatic effects  in  a  measurement  result  that  depends  significantly  on  both. 


Usual  practice  therefore  is  to  set  limits  on  the  spectral  width  of  the  source  used  for 
measurements  so  that  one  or  the  other  effect  dominates.  The  focus  is  usually  on  intermodal 
effects  since  they  vary  much  more  between  fibers  and  since  in  most  systems  they  represent 
the  limitation.  . 

If  the  total  distortion  can  be  written  as  the  convolution  of  the  "intermodal  impulse 
response"  with  the  "intramodal  impulse  response"  we  can  write 

°h2  =  °INTER    +  °INTRA*  (34> 
We  may  decide  arbitrarily  that  intermodal  effects  dominate  whenever 

"Intra  ■  °s2  "2  12  <  °-2'  %2-  <35> 

that  is,  whenever  intramodal  effects  account  for  no  more  than  ten  percent  of  a  measured  ah. 
This  leads  to 

0.21  a  .2 

If  the  source  line  shape  and  the  impulse  response  are  both  reasonably  modelled  as  Gaussians, 

eq  (36)  may  be  rewritten  as 

«  <  ff^  •  (37, 

where  AX  is  the  FWHM  (ful  1  -width-half-maximum)  of  the  source  spectrum  and  f_3,jg  is  the  fre- 
quency at  which  the  measured  transfer  function  equals  -3  dB. 


Table  1.     Values  of  the  parameter  0.2/|M|  for  a  germanium-phosphorus-doped 
silica  fiber  [10].    Gaussian  impulse  response  shapes  and  Gaussian 
pulse  shapes  were  assumed  to  generate  these  data. 


X(nm) 

0. 2/ 1 M | 

0. 2/  j  M  | 

(GHz  km  nm) 

A(nm) 

(GHz  km  nm) 

800 

1.6 

1200 

18. 

820 

1.7 

1250 

42. 

840 

1.9 

1300 

220. 

860 

2.1 

1340 

40. 

880 

2.3 

1510 

11. 

900 

2.5 
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Equation  (37)  has  been  used  by  standards  committees  [9]  as  a  necessary  condition  for  a 
valid  measurement  of  "intermodal  bandwidth".  As  indicated  in  section  3.1.2,  M  is  a  fairly 
weak  function  of  glass  composition  but  a  strong  function  of  wavelength.  Table  1  gives  the 
quantity  0.2/|M|  for  a  germanium-phosphorus-doped  silica  fiber  [10],  From  this  data  one 
concludes,  for  example,  that  to  measure  a  1  km-long  fiber  having  a  1  GHz  bandwidth  at  850  nm 
a  source  spectral  width  of  less  than  2  nm  is  required.  In  the  longer  wavelength  region  a 
much  greater  source  spectral  width  could  be  used. 

3.3    Length  Dependent  Effects  and  Launching  Conditions 

In  multimode  fibers  several  mechanisms  act  to  render  the  fiber  bandwidth  a  nonlinear 
function  of  length.    These  effects  can  make  the  interpretation  of  data  very  difficult. 

Certain  non-ideal  characteristics  of  a  fiber  result  in  power  being  coupled  between 
modes,  an  effect  known  as  mode  coupling  or  mode  mixing.  The  transfer  of  power  from  modes 
with  low  group  velocities  to  those  with  high  group  velocities  and  vice  versa  means  that 
fiber  bandwidth  will  decrease  more  slowly  with  length  than  would  otherwise  be  the  case.  The 
actual  functional  dependence  frequently  falls  in  the  range  of  L"1/2  to  L  ,  depending  on  the 
degree  of  mode  coupling  present  [11]. 

Mode  coupling  may  arise  from  defects  introduced  during  manufacturing;  for  example, 
variations  in  diameter  or  index  profile  with  length.  Mode  mixing  also  arises  from  bending 
of  the  fiber,  particularly  from  bends  that  have  spatial  periods  of  the  order  of  a  milli- 
meter. This  means  that  the  manner  in  which  a  fiber  is  cabled  or  handled  can  have  a  major 
effect  on  a  bandwidth  measurement.  Particular  care  is  required  in  the  measurement  of 
unbuffered  fiber  wound  tightly  on  a  spool. 

Differential  modal  attenuation  can  also  cause  fiber  bandwidth  to  be  a  nonlinear  func- 
tion of  length.  If  high  order  modes  of  the  fiber  are  excited  and  if,  as  is  frequently  the 
case,  these  modes  suffer  from  higher  attenuation  than  low  order  modes,  then  the  rate  at 
which  bandwidth  decreases  with  length  is  likely  to  be  greatest  near  the  input,  where  the 
complete  range  of  mode  groups  is  encountered. 

The  combined  effects  of  mode  coupling  and  differential  modal  attenuation  may  result  in 
a  complex  functional  dependence  of  bandwidth  on  length.  For  example,  when  both  effects  are 
important  the  bandwidth  has  been  observed  to  decrease  as  L"1  near  the  input,  progressing 
gradually  to  perhaps  L"1/2  after  a  substantial  distance  [12],  and  stabilizing  at  that  value. 
Such  a  condition,  where  the  functional  dependence  of  bandwidth  on  length  is  stable,  is  some- 
times known  as  modal  equilibrium  because  it  occurs  when  the  distribution  of  power  among  the 
modes  changes  no  further  with  length.  The  attenuation  coefficient  presumably  becomes  inde- 
pendent of  length  in  this  case,  as  well. 

Another  factor  that  effects  the  dependence  of  bandwidth  on  length  is  variations  in 
index  profile.     If,  in  attempting  to  produce  a  fiber  in  which  the  group  velocities  of  all 
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modes  are  equal,  some  parts  of  the  fiber  are  overcompensated*  and  other  parts  are  under- 
compensated, equilization  occurs. 

This  leads  to  a  higher  bandwidth  than  would  otherwise  be  expected  and  to  a  very  complex 
variation  of  bandwidth  with  length.  Such  variations  in  the  degree  of  compensation  frequent- 
ly appear  between  fibers  joined  together  in  a  link,  and  make  the  prediction  of  system  per- 
formance difficult.  \ 

All  of  the  problems  described  above  make  the  choice  of  launching  conditions  for  band- 
width measurements  very  difficult.  Until  such  time  as  better  methods  of  describing  the 
variation  of  bandwidth  with  length  are  found  it  is  probably  wisest  to  simply  choose  measure- 
ment (launching)  conditions  that  are  well  defined  and  easy  to  verify  and  which  therefore  may 
be  expected  to  yield  reproducible  results.  Certain  standards  groups  [9]  have  therefore  sug- 
gested that  bandwidth  measurements  be  made  in  such  a  way  that  all  the  modes  of  the  fiber  are 
excited.  This  means  that  light  should  be  coupled  into  the  fiber  over  the  full  area  of  the 
core  and  over  a  range  of  angles  as  large  as  the  acceptance  angle  of  the  fiber.  These  are 
the  criteria  generally  adopted  in  this  chapter. 

4.      FREQUENCY  DOMAIN  TECHNIQUES  AND  SYSTEMS 

Many  techniques  have  been  developed  for  the  characterization  of  rf  components  in  the 
frequency  domain  and  instruments  and  devices  for  use  in  these  measurement  systems  are  widely 
available.  With  care,  much  of  this  same  technology  can  be  applied  to  the  characterization 
of  optical  fibers.  This  section  provides  a  survey  of  several  potentially  appropriate  mea- 
surement methods,  one  of  which  has  been  extensively  evaluated  and  is  described  in  detail  in 
subsequent  sections. 

4.1  Systems 

It  may  be  useful  to  separate  frequency  domain  techniques  into  two  groups:  those  that 
use  wideband  rf  detection  and  those  that  use  narrowband  rf  detection.  Wideband  detection 
generally  leads  to  a  simpler  and  less  expensive  measurement  system  but  suffers  from  a  lack 
of  harmonic  rejection  and  may  give  inferior  noise  performance.  Narrowband  detection  is  more 
complex  but  provides  freedom  from  distortion,  an  important  consideration  when  the  system 
includes  lasers  or  LEDs. 


*A  properly  compensated  fiber  is  one  in  which  the  group  velocities  of  all  modes  are  the 
same.    Overcompensation  is  the  case  where  low  order  modes  propagate  more  slowly  than  higher 
order  modes  (in  the  power  law  representation,  g<g    t).    Undercompensation  is  the  opposite 
case.  v 
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4.1.1    Systems  Using  Wideband  Detection 

One  of  the  simplest  systems  that  might  be  used  is  shown  in  the  block  diagram  of  figure 
4.  An  rf  sweep  generator  provides  a  controlled  input  signal,  the  frequency  of  which  can  be 
varied  or  swept  over  the  range  of  interest.  This  signal  is  applied  to  the  system  under 
test,  which  in  the  case  of  a  fiber  would  include  the  optical  source  and  detector.  The  out- 
put rf  signal  is  detected  by  a  wideband,  linear  (in  power)  rf  detector.  If  the  signal-to- 
noise  ratio  is  not  an  important  consideration  this  arrangement  may  be  sufficient  to  deter- 
mine the  magnitude  of  the  transfer  function  by  comparing  the  ratio  of  output-to-input  signal 
level  as  a  function  of  frequency  with  the  test  system  in  place  to  the  same  ratio  with  it 
removed.  If  the  losses  in  the  test  system  are  large,  the  signal-to-noise  ratio  can  be 
improved  by  amplitude  modulating  the  input  at  a  low  frequency  and  using  a  lock-in  amplifier 
as  shown. 

Probably  the  greatest  difficulty  in  using  this  system  for  fiber  measurements  is  that 
most  suitable  optical  sources  introduce  harmonic  distortion  to  the  signal.  With  typical 
sources  this  problem  may  be  sufficient  to  result  in  a  several  percent  error  in  the  transfer 
function  (see  section  5.1). 

A  variation  of  the  system  shown  in  figure  4  that  allows  the  determination  of  group 
delay  as  well  as  transfer  function  magnitude  [13]  is  shown  in  figure  5.  In  this  case,  the 
input  is  amplitude  modulated  at  a  relatively  high  f requency--perhaps  10  MHz  for  a  sweep 
range  from  30  MHz  to  1.5  GHz.  The  output  of  the  rf  detector  then  goes  into  a  vector  volt- 
meter which  gives  the  ratio  of  the  output  (envelope)  magnitude  to  input  magnitude  and  the 
phase  shift  in  the  envelope.  The  group  delay  (section  2.2)  is  related  to  this  phase  shift 
by  the  relation  [13] 


where  <{>e  is  the  phase  shift  in  the  envelope,  in  degrees,  and  fm  is  the  modulation  frequency. 

This  is  probably  the  simplest  method  of  obtaining  phase  data  on  a  fiber.  It  has  been 
used  by  the  author  to  evaluate  several  fibers  and  except  for  the  problem  of  harmonic  distor- 
ti on  works  quite  wel 1 . 

4.1.2    Systems  Using  Narrowband  Detection 

The  wide  choice  of  detection  bandwidth,  gain,  sweep  rate,  averaging,  etc.  generally 
available  in  commercial  rf  spectrum  analyzers  make  that  instrument  a  good  choice  for  the 
detector  in  systems  using  narrowband  detection  (fig.  6).  To  fully  exploit  its  capability, 
however,  it  must  be  used  with  a  signal  source  that  is  frequency  locked  to  the  local  oscil- 
lator of  the  spectrum  analyzer.  Thus,  the  source  output  frequency  will  vary  coincidental ly 
with  the  sweep  of  the  spectrum  analyzer.  Such  sources,  known  as  tracking  generators,  and 
designed  for  use  with  specific  spectrum  analyzers  are  available  from  several  manufacturers. 
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Figure  4.    Block   diagram  of  a  simplified  frequency  domain  measurement   system.     When  the 
signal-to-noise  ratio  is  high,  the  lock-in  amplifier  may  not  be  necessary. 
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Figure  5.  A  modification  of  the  system  of  figure  4  which  allows  both  magnitude  and  group 
delay  measurements.  The  signal  generator  operates  at  a  relatively  high  frequency 
and  the  vector  voltmeter  determines  both  the  magnitude  and  phase  of  the  input  and 
output  modulation  envelopes. 
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Figure  6.    A  simplified  frequency  domain  system  using  narrowband  detection.  This 

arrangement  forms  the  basis  of  the  system  described  in  detail  in  section  5. 
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Figure  7.  A  narrowband  system  that  can  provide  phase  information.  The  system  works  best  if 
a  compensating  delay  is  inserted  in  the  reference  channel  of  the  vector 
voltmeter. 
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The  system  bandwidth  is  generally  limited  by  the  degree  to  which  the  lock  between  the  track- 
ing generator  and  spectrum  analyzer  can  be  maintained.  The  simplicity  of  construction  and 
operation  of  this  system  probably  make  it  the  best  choice  for  fiber  measurements  whenever 
magnitude  information  is  sufficient. 

In  the  testing  of  discrete  rf  components,  a  vector  voltmeter  is  frequently  used  to 
obtain  both  magnitude  and  phase  information.  It  is  not  generally  used  in  the  testing  of 
systems  characterized  by  long  propagation  delays  because  of  the  difficulty  in  separating  the 
phase  distortion  information  from  the  large  linear  phase  shift  associated  with  the  delay. 
Two  techniques  shown  in  figure  7  allow  one  to  avoid  these  difficulties  to  a  degree.  One 
approach  is  to  use  a  frequency  synthesizer  instead  of  a  conventional  sweep  generator  [14]. 
The  synthesizer  provides  a  discretely  variable  source  frequency  that  can  be  varied  arbitrar- 
ily slowly  over  t\.  .~  „s  of  interest  allowing  more  accurate  phase  measurements  to  be  made. 
The  other  approach  is  to  insert  a  system  characterized  by  a  similar  delay  but  much  smaller 
distortion  in  the  reference  line  [15].  The  phase  distortion  is  then  a  much  larger  portion 
of  the  total  phase  shift.  A  single  mode  fiber  would  be  a  suitable  choice  for  a  system 
designed  to  characterize  multimode  fibers. 

4.1.3    Network  Analyzers 

The  four  measurement  systems  described  above  are  fundamentally  similar  in  function  and 
form  to  more  elaborate  rf  measurement  systems  known  as  network  analyzers  which  measure  the 
S-parameters  of  microwave  devices  and  circuits.  Commercially  available  network  analyzers 
can  also  be  grouped  into  wide  and  narrowband  detection  types.  They  will  measure  the  magni- 
tude of  the  transfer  function  (i.e.,  ^0  and,  depending  on  type,  will  provide  some 
form  of  phase  characterization.  Generally,  they  are  also  designed  to  measure  other  param- 
eters important  in  rf  circuit  design  (e.g.,  impedance,  S^,  S22).  Thus,  a  network  analyzer 
suitable  for  carrying  out  fiber  transfer  function  measurements  is  generally  an  expensive 
alternative  to  the  limited  purpose  systems  described. 

4.2    Choosing  a  System  and  the  Matter  of  Phase 

Performance,  convenience,  and  cost  together  determine  the  choice  of  measurement  sys- 
tem.    Several   of  the  methods  described  in  section  4.1  have  been  used  at  NBS  and  of  them, 
provided  that  only  magnitude  information  is  needed,  the  system  shown  in  figure  6  seems  to  be, 
the  most  appropriate  choice.    This  brings  us  again  to  the  question  of  whether  the  incomplete 
characterization  of  the  information  carrying  capacity  by  |H(f)|  is  sufficient. 

Most  high  quality  graded-index  fibers  designed  for  telecommunications  applications  have 
an  impulse  response  that  is  nearly  symmetrical  about  its  central  time  and  therefore  show 
very  little  variation  of  group  delay  with  frequency.  The  phase  distortion  that  is  present 
is  therefore  probably  of  little  consequence  as  long  as  the  problems  noted  in  section  3.3 
continue  to  complicate  the  interpretation  of  bandwidth  measurements. 
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Step-index  and  other  non-optimum  profiles  generally  do  not  have  symmetric  impulse 
responses.  It  is  conceivable  that  in  certain  systems  using  such  fibers  or  in  other  special 
purpose  systems  phase  distortion  may  be  important.  However,  it  appears  that  at  this  time 
these  cases  arise  infrequently  and  most  of  the  needs  of  the  industry  can  be  met  with  magni- 
tude data  alone. 

The  system  of  figure  6  was  therefore  chosen  for  further  evaluation  and  use.  The  design 
and  performance  details  of  the  version  now  in  use  at  NBS  are  given  in  the  following 
sections. 

5.    DESCRIPTION  OF  THE  MEASUREMENT  SYSTEM 

Figure  8  shows  a  block  diagram  of  the  system.  The  optical  design  is  similar  to  that  of 
a  time  domain  system  described  elsewhere  [16],  though  certain  refinements  have  been  in- 
corporated. Almost  all  of  the  components  are  commercially  available;  their  important  char- 
acteristics are  described  below  along  with  the  basic  system  design. 

5.1  Source 

The  source  normally  used  in  this  system  is  a  commercially  available  "laser  transmit- 
ter". It  consists  of  a  single-transverse,  multi-longitudinal  mode  GaAlAs  laser  diode 
coupled  directly  to  a  2  m  length  of  50/125  ym  core/cladding  diameter,  graded-index  fiber. 
The  laser  is  mounted  on  a  temperature  controlled  substrate.  Output  from  the  laser  is 
further  stabilized  by  using  the  detected  light  from  the  back  face  of  the  laser  to  control 
the  bias  current.  Radio  frequency  signals  may  be  superimposed  upon  the  bias  current  using  a 
single  R-C  network,  thus  providing  wide-bandwidth  amplitude  modulation.  The  entire  unit, 
excluding  power  supply,  measures  about  3. 5  by  7  by  4  cm  (fig.  9). 

The  specified  output  power  at  the  laser  is  2.5  mW  with  an  amplitude  stability  of  0.1 
percent.  Measured  power  at  the  fiber  output  is  about  1.25  mW,  where  a  long  term  drift  of  1 
to  2  percent  is  noted.  This  drift  probably  results  from  changes  in  optical  feedback 
(reflections  from  the  fiber  ends)  with  temperature. 

Figure  10  shows  the  spectrum  of  the  source  as  measured  with  a  0.5  m  Ebert-type  spec- 
trometer, with  a  resolution  indicated  by  the  width  of  individual  longitudinal  modes.  The 
relative  power  of  the  modes  varies  somewhat  with  time  with  the  result  that  a  specif iciation 
of  spectral  linewidth  based  on  the  FWHM  of  the  envelope  becomes  uncertain.  However,  for 
purposes  of  estimating  the  frequency  at  which  chromatic  effects  begin  to  effect  a  bandwidth 
measurement  (section  3.2)  we  choose  AA  =  0.9  +  0.15  nm.  This  suggests  that  for  a  typical 
germanium-phosphorus  doped  silica  fiber  material  dispersion  does  not  become  a  contributor  to 
the  measurement  below  1.9  GHz  which  is  outside  of  the  operating  range  of  the  system. 
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Figure  9.    Photograph  of  "laser  transmitter"  used  as  the  source. 


Figure  10.    Output  spectrum  of  source  obtained  with  a  0.5  m  Ebert-type  spectrometer. 
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Figure  11  shows  the  variation  in  modulation  index  (optical  power  modulation/rf  drive) 
versus  frequency.  The  modulation  index  is  essentially  independent  of  frequency  from  a  few 
tens  of  hertz  to  600  MHz  (specified  bandwidth  is  500  MHz).  The  index  decreases  by  about  2.5 
dB  (optical)  between  600  and  680  MHz  and  then  increases  gradually  to  a  value  about  4  dB 
(optical)  above  its  low  frequency  value  at  1430  MHz  near  the  limit  of  the  system.  Indepen- 
dent tests  on  the  detector  used  in  this  measurement  indicate  that  the  variations  in  modula- 
tion index  are  not  measurably  affected  by  the  detector.  The  increase  *at  the  highest  fre- 
quencies may  be  related  to  self  pulsing  in  the  laser  because  the  noise  spectrum  of  the  laser 
output  shows  a  similar  increase.    The  dip  at  680  MHz  is  of  unknown  origin. 

Harmonic  distortion  in  the  source  output  can,  as  noted  in  section  4,  cause  difficulties 
when  broadband  detection  is  used.  Figure  12  shows  the  distortion  produced  by  this  source. 
At  a  drive  frequency  of  100  MHz  and  an  rf  signal  level  of  0  dBm,  the  second  harmonic  is 
about  38  dB  below  the  fundamental  (manufacturer's  specification:  40  dB).  However,  as  the 
drive  frequency  is  increased  the  harmonic  distortion  increases  until  at  a  fundamental  fre- 
quency of  500  MHz  both  the  second  and  third  harmonics  are  only  about  20  dB  down.  This  would 
be  unacceptable  for  broadband  detection. 

5.2    Mode  Scrambler 

Since  the  results  of  a  fiber  bandwidth  measurement  depend  rather  strongly  on  the  spa- 
tial and  angular  characteristics  of  the  input  light,  that  is  to  say  the  input  mode  volume, 
it  becomes  necessary  to  minimize  the  effects  of  such  changes  in  the  source.  This  problem  is 
somewhat  less  severe  in  the  frequency  domain  system  than  in  the  time  domain  system  [16] 
since  the  cw  laser  diodes  are  inherently  more  stable  spatially  than  those  used  in  time 
domain  systems. 

The  usual  way  of  maintaining  launch  stability  is  to  couple  the  output  of  the  source 
through  a  specially  designed  spatial  filter.  The  spatial  filter  has  the  properties  that  the 
spatial  and  angular  characteristics  of  its  output  are  independent  of  those  of  the  input.  In 
practice,  the  spatial  filter  usually  consists  of  a  piece  or  pieces  of  suitably  chosen  fiber 
[16,17],    For  this  reason  it  has  come  to  be  known  as  a  mode  scrambler. 

The  mode  scrambler  used  in  this  system  consists  of  two  pieces  of  fiber.  The  first  is 
the  2  m  section  of  50/125  urn  core/cladding  diameter,  graded-index  fiber  directly  coupled  to 
the  laser  by  the  manufacturer.  The  second  is  a  similar  length  of  80/125  ym  core/cladding 
diameter,  step-index  fiber  spliced  onto  the  first  fiber  in  a  loose  tube.  The  radiation 
angle  of  each  fiber  is  nominally  0.2  rad. 

Figure  13  shows  the  characteristics  of  the  device.  The  near-field  profiles  are 
obtained  by  imaging  the  output  face  of  the  fiber  onto  a  silicon  target  vidicon.  The  video 
signal  is  processed  with  commercial  equipment  in  such  a  way  that  the  intensity  of  the  image 
along  a  line  normal  to  the  raster  is  determined  and  plotted  on  the  monitor  screen. 
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Figure  11.  Modulation  index  of  source  as  a  function  of  frequency.  The  output  of  the 
tracking  generator  was  applied  to  the  source  and  the  output  of  the  graded- 
index  pigtail  from  the  source  focused  onto  the  detector. 


(c)  (d) 


Figure  12.  Distortion  in  source  output.  Drive  level  was  approximately  0  dBm  and  the  ver- 
tical scale  10  dB  (el ectri cal )/di v  in  each  case.  (a)  Drive:  100  MHz,  Scale:  0- 
1000  MHz;  (b)  Drive:  300  MHz,  Scale:  0-1000  MHz;  (c)  Drive:  500  MHz,  Scale:  0- 
1000  MHz;  (d)  Drive:  500  MHz,  Scale:  500-1000  MHz. 
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The  near  field  of  the  output  from  the  graded-index  fiber  shows  a  rounded  profile  as 
expected,  with  a  great  deal  of  variation  due  to  speckle.  At  the  output  of  the  step  fiber 
the  core  is  completely  filled  and  the  variations  due  to  speckle  appear  somewhat  reduced. 

The  far-field  pattern  from  the  step  fiber  was  obtained  by  scanning  a  detector  along  a 
circular  arc  about  10  cm  from  the  fiber  end  [18].  The  far-field  radiation  angle  is  about 
0.19  at  the  90  percent  irradiance  points.  \ 

The  speckle  evident  in  all  the  data  of  figure  13  represents  a  fundamental  difficulty  in 
controlling  the  launching  conditions  for  bandwidth  measurements.  It  results  from  construc- 
tive and  destructive  interference  in  the  superposition  of  fields  from  the  modes  of  the  fiber 
and  appears  whenever  the  coherence  time  of  the  source  is  long  compared  to  the  differences  in 
group  delay  among  the  modes.  The  details  of  the  speckle  pattern  vary  with  the  relative 
phase  of  the  modes.  Very  slight  movement  or  distortion  of  the  fiber  will  produce  such  phase 
shifts  as  will  a  change  in  temperature.  These  effects  make  it  difficult  to  precisely  define 
launching  conditions.  Further,  when  the  speckle  pattern  shifts  with  time  in  a  system  where 
mode  sensitive  devices,  such  as  couplers,  are  present  or  where  there  is  significant  differ- 
ential mode  attenuation,  noise,  generally  known  as  modal  noise  results  [19]. 

One  solution  to  the  problem  of  speckle  is  to  use  a  less  coherent  (broader  spectral 
linewidth)  source.  However,  as  noted  earlier  (section  3.2)  that  can  result  in  additional 
limitations  to  the  bandwidth  from  the  material  dispersion.  As  a  practical  compromise, 
source  spectral  widths  of  about  1  nm  are  reasonable. 

Another  possible  solution  for  measurement  systems  might  be  to  deliberately  introduce 
periodic  phase  shifts  through,  for  example,  mechanical  distortion  by  a  piezeoelectric  trans- 
ducer. This  should  have  the  effect  of  smearing  the  speckle  pattern.  This  approach  has  not 
been  seriously  pursued,  as  yet. 

5.3    Launching  Optics 

The  section  of  figure  8  labeled  launching  optics  is  designed  to  image  the  output  of  the 
mode  scrambler  onto  a  fiber  specimen  in  a  well  defined  and  reproducible  fashion.  The 
launching  parameters  of  interest  are  the  size  of  the  image  (the  "spot  size")  on  the  input 
end  of  the  fiber  specimen  and  the  angular  extent  of  the  bundle  of  rays  that  converge  to  form 
the  image  (the  "LNA",  launch  numerical  aperture).  With  this  system  (fig.  14)  it  is  possible 
to  control  these  parameters  independently,  though  rather  less  conveniently  than  is  necessary 
in  an  attenuation  measurement  system  [20].  However,  as  noted  in  section  3.3,  the  greatest 
interest  at  present  is  in  measurements  made  with  full  excitation  of  the  fiber. 

Two  microscope  objectives  form  the  image.  The  first,  usually  a  10X,  0.25  NA  lens,  col- 
li mates  the  output  of  the  mode  scrambler.  The  second,  in  most  cases  identical  to  the  first,; 
focuses  the  collimated  beam  onto  the  specimen.  The  ratio  of  the  spot  size  on  the  end  of  the 
test  specimen  to  the  spot  size  at  the  output  of  the  mode  scrambler  is  equal  to  the  ratio  of 


94 


Figure  13.  Characteristics  of  mode  scrambler.  (a)  Near-field  pattern,  nominal  diameter, 
83  urn.  Plot  at  bottom  is  of  intensity  along  line  through  image.  (b)  Scan  of 
far  field  of  mode  scrambler. 
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Figure  14.  Photograph  of  launching  optics.  Output  of  mode  scrambler  is  on  manipulator  at 
right,  specimen  input  on  manipulator  at  left.  Pellicle  at  left  of  center  can  be 
rotated  90°  to  direct  the  image  of  either  the  mode  scrambler  output  or  the 
specimen  input  onto  vidicon  at  top  of  photo  (see  fig.  8). 


(a) 


(b) 


Figure  15.  (a)  Image  of  stage  micrometer  placed  where  specimen  input  would  normally  be 
placed,  to  verify  size  of  launch  spot.  Line  spacing  is  10  ym.  (b)  Image  of 
short  step-index  specimen.  The  core  appears  brighter  because  of  reflected  light 
from  output  end  of  fiber. 
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the  focal  length  of  the  second  objective  to  that  of  the  first.  This  is  perhaps  the  easiest 
way  to  control  the  spot  size.  The  launch  numerical  aperture  is  somewhat  more  complicated  to 
predict.  If  the  objectives  are  identical,  the  LNA  should  be  the  lesser  of  the  sine  of  the 
radiation  angle  of  the  mode  scrambler  or  the  effective  NA  of  the  objective.  If  the  objec- 
tives are  different,  a  more  specific  analysis  is  necessary  to  predict  the  LNA.  The  LNA  may 
be  limited  beyond  that  determined  by  the  mode  scrambler  or  lenses  by  placing  an  aperture  in 
the  collimated  portion  of  the  beam. 

For  purposes  of  system  alignment  and  evaluation  it  is  convenient  to  place  a  pellicle 
beam  splitter  in  the  collimated  beam  and  to  thereby  image,  with  some  additional  magnifica- 
tion, the  input  end  of  the  fiber  specimen  as  illuminated  by  the  source.     Figure  15a  shows 

'  the  image  produced  on  a  stage  micrometer  placed  at  the  image  point;  verification  of  the 
launched  spot  size  is  thus  obtained  from  the  10  ym  line  spacing  on  the  micrometer.  Figure 
15b  shows  the  image  of  a  short  (~  2m)  fiber  specimen  similarly  obtained.  The  core  appears 
brighter  than  the  cladding  due  to  light  reflected  back  from  the  output  end  of  the  fiber. 
With  a   long  fiber  or  with  the  output   end   index  matched,   there   is   little  difference  in 

'  appearance  between  the  core  and  cladding. 

The  launch  numerical  aperture  could  be  verified  by  scanning  a  small  detector  through 
the  diverging  beam  beyond  the  image  point.  An  alternate  method  is  to  determine  the  far- 
field  radiation  angle  from  a  short  piece  of  fiber  (fig.  16). 

5.4  Specimens 

In  most  cases,  the  test  specimen  is  a  known  length  (typically  1  km)  of  multimode 
graded-index  fiber.  A  separate  reference  specimen  representative  of  the  test  specimen, 
generally  a  piece  cut  from  one  end  of  the  test  specimen,  is  chosen.  The  length  of  the 
reference  specimen  must  be  such  that  the  magnitude  of  its  transfer  function  is  essentially 
unity  over  the  frequency  range  of  interest.  As  a  practical  matter,  it  is  usually  sufficient 
to  limit  the  length  of  the  reference  specimen  to  1  percent  of  the  length  of  the  test  speci- 
men. 

Both  ends  of  each  specimen  are  prepared  by  cleaving  and  are  inspected  with  a  400  power 
microscope  for  flatness  and  perpendicularity.  Illumination  is  either  col  linear  with  the 
!  microscope  axis  or  from  the  far  end  of  the  fiber.  Ends  with  perceptable  hackle  or  breakout 
within  the  core  region  are  rejected  as  are  ends  on  which  the  entire  outer  surface  of  the 
cladding  can  not  be  brought  into  sharp  focus  at  the  same  time.  The  theoretical  depth  of 
focus  of  the  microscope  is  about  3.  ym  which  means  that  for  a  125  pm  fiber  diameter  angles 
smaller  than  1  to  1.5  degree  are  accepted. 

Cladding  mode  strippers  are  not  used  in  this  system.  Unlike  the  case  with  attenuation 
measurements,  light  that  remains  trapped  within  the  cladding  for  the  full  length  of  the 
reference  fiber  should  not  affect  the  measurement. 
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Figure  16.  Far-field  radiation  pattern  from  a  short  piece  of  large  acceptance  angle  fiber 
placed  in  test  system  to  verify  launch  numerical  aperture.  Fiber  specifica- 
tions:   100  ym  core  diameter,  quasi-step  index  profile,  0.3  NA. 


(a)  (b) 


Figure    17.    (a)    Photograph    of    Si    APD   detector   used.      Active   area    is    200  ym  diameter. 

(b)  Plot  of  spatial  response  uniformity.  Detector  is  uniform  to  about  5  percent 
peak  to  peak. 
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It  is  important  that  the  test  specimen  be  handled  in  such  a  way  that  no  excess  micro- 
bending  is  applied  to  the  fiber.  This  consideration  can  be  very  important  when  testing 
uncabled  fiber  that  has  a  very  thin  buffer. 

5.5  Detection 

A  suitable  detector  must  have  a  sufficient  frequency  response,  linearity  of  response 
over  the  range  of  operating  levels,  and  a  uniformity  of  response  over  the  active  area.  The 
detector  chosen  for  this  system  is  a  200  ym  diameter  Si  APD.  The  characteristics  of  this 
detector  were  described  previously  [16]  and  are  briefly  summarized  here.  The  impulse 
response  duration  is  about  200  ps  which  gives  a  more  than  adequate  frequency  response  for 
this  system  (see  also  fig.  10).  The  uniformity  of  response  (fig.  17)  is  about  5  percent 
peak  to  peak. 

The  pulse  linearity  is  good  [16],  At  the  higher  average  currents  (50-100  yA)  used  in 
this  system  perceptable  heating  occurs.  This  is  sufficient  to  cause  a  few  percent  change  in 
detector  gain  but  allowing  the  detector  to  stabilize  before  measurements  eliminates  most  of 
the  difficulty.  Further  compensation  for  temperature  changes  by  the  method  described  below 
fully  eliminates  the  problem. 

The  detector  is  mounted  in  a  coaxial  mount  similar  to  one  described  by  Green  [21] 
(fig.  18)  and  biased  with  the  circuit  of  figure  19,  which  differs  somewhat  from  the  bias 
circuit  used  with  the  time  domain  system  [16], 

The  detector  is  normally  biased  at  a  point  (typically  140  V)  where  the  gain  is  between 
5  and  10.  To  compensate  for  any  temperature  induced  change  in  gain  or  change  in  laser  out- 
put the  dc  current  is  monitored  with  a  10  o,  sensing  resistor.  The  slopes  of  the  dc  and  rf 
load  lines  being  nearly  equal  (1/60  versus  1/50  Q~  when  the  ammeter  is  shorted)  a  change  in 
this  reference  voltage  is  proportional  to  any  laser  output  or  detector  gain  induced  changes 
in  detected  rf  level. 

It   is   necessary   that   the   outputs   of  the  test   and   reference  fibers  are  completely 
coupled  to  the  uniform  detector  to  insure  that  all  mode  groups  are  equally  detected.  This 
is  done  with  two  microscope  objectives,  as  shown  in  figures  8  and  20.    Usually  the  objective 
i nearest  the  fiber  output  is  a  10  X,  0.25  NA  while  the  second  is  a  5  X,  0.1  NA  to  provide  a 
|  larger  spot  on  the  detector  and  thus  average  over  spatial  nonuniformities. 

Neutral  density  filters  (fixed  and  circularly  variable)  are  placed  in  the  collimated 
region  to  set  the  signal  levels  for  test  and  reference  specimens  equal,  minimizing  the 
effect  of  detection  nonlinearities. 

i! 
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Figure  18.    Diagram  of  detector  mount. 
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Figure  19.    Detector  bias  circuitry. 
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Figure  20.  Photograph  of  output  coupling  optics.  Specimen  output  is  on  manipulator  at 
right.  Fixed  and  circular-variable  neutral  density  filters  are  placed  between 
microscope  objectives.    Detector  is  in  cylindrical  mount  at  left  (see  fig.  8). 
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Figure  21.     Block  diagram  of  electronics. 
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5.6  Electronics 


A  more  detailed  block  diagram  of  the  electronic  portion  of  the  measurement  system  is 
shown  in  figure  21.  The  heart  of  the  system  is  the  spectrum  analyzer/tracking  generator 
combination.  These  two  instruments  function  together  in  such  a  way  that  the  output  fre- 
quency of  the  tracking  generator  always  coincides  with  the  detection  frequency  of  the  spec- 
trum analyzer.  The  modulation  frequency  applied  to  the  laser  transmitter  is  thus  swept  over 
the  range  of  interest  by  controlling  the  sweep  (horizontal)  input  to  the  spectrum  analyzer. 

The  system  operates  under  computer  control,  the  operator  choosing  the  range  of  fre- 
quencies over  which  measurements  are  to  be  made  and  the  nominal  resolution.  Using  a  fitted 
linear  calibration  function  relating  sweep  input  voltage  to  tracking  generator  output  fre- 
quency (fig.  22)  the  computer  provides  to  the  spectrum  analyzer  a  sequence  of  voltages  cor- 
responding to  the  measurement  frequencies.  After  an  appropriate  settling  time  at  each  point 
the  computer  records  the  vertical  output  voltage  of  the  spectrum  analyzer  and  the  dc 
detector  current  using  the  programmable  DVM  (digital  vol tmeter)/scanner  combination. 

The  vertical  output  of  the  spectrum  analyzer  is  calibrated  using  a  signal  gnerator  and 
a  set  of  precision  attenuators.  Calibration  points  are  taken  at  1  dB  electrical  (0.5  dB 
optical)  intervals.  The  attenuators  were  chosen  for  their  reproducibility  and  frequency 
independence.  The  specified  values  were  verified  or  adjusted  using  a  bolometer-type  rf- 
microwave  power  meter  accurate  to  1  percent.  This  power  meter  thus  becomes  the  magnitude 
reference  standard  for  the  system.  Calibration  at  several  frequencies  indicates  that  single 
frequency  calibration  is  sufficient.  Vertical  calibration  data  relative  to  a  suitably 
chosen  reference  level  are  shown  in  figure  23,  along  with  a  linear  least-squares  fit. 

5.7  Computation 

For  both  the  test  and  reference  specimens  the  vertical  output  is  converted  to  decibels, 
corrected  for  any  changes  in  detector  gain  (normally  negligible)  using  the  dc  detector 
current  as  a  reference,  and  plotted  as  the  data  are  acquired.  Since  the  test  and  reference 
spectra  are  obtained  using  the  same  set  of  frequencies  the  two  arrays  may  be  subtracted 
directly  to  yield  the  magnitude  of  the  transfer  function. 

Verification  of  the  computations  was  obtained  by  inserting  the  precision  attenuator  set 
between  the  tracking  generator  and  spectrum  analyzer  in  place  of  the  usual  test  apparatus. 
The  attenuators  were  switched  at  intervals  as  the  usual  sweep  range  was  covered  (fig.  24). 
Deviations  from  calibrated  values  (averaging  over  several  stnading  wave  periods  where  neces- 
sary) are  all  less  than  0.03  dB. 

From  the  magnitude  of  the  transfer  function,  the  bandwidth  is  computed  as  the  lowest 
frequency  at  which  the  magnitude  drops  3  dB  below  its  value  at  the  lowest  frequency  of  meas- 
urement. 
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Voltage,  Volts 


Figure  22.     Frequency  calibration  data. 

Amplified  Vertical  Output,  Volts 
3.0  4.0  5.0  6.0  7.0 


Figure  23.    Vertical  calibration  data. 
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Figure    24.  Result    of    replacing    test    system    with    a    set    of    precision,  step-variable 
attenuators  and  switching  at  intervals  during  scan. 

6.      SYSTEM  PERFORMANCE 

6.1    Measurement  Procedure 

Following  preparation  of  the  test  and  reference  specimens  as  indicated  in  section  5.4, 
the  two  fibers  are  placed  into  the  system.  Generally,  the  test  specimen  is  evaluated  first. 
The  alignment  procedure  consists  of  observing  the  fiber  end  on  the  monitor  and  adjusting  the 
end  position  so  that  both  the  end  and  the  spot  striking  it  are  in  focus  and  the  spot  is 
visually  centered  within  the  core  circumference.  At  the  fiber  output  the  image  of  the  out- 
put end  is  located  on  the  detector  by  adjusting  the  focus  for  maximum  signal  and  adjusting 
the  transverse  position  to  center  the  spot  on  the  detector. 

The  signal  level  is  adjusted  with  discrete  and  variable  neutral  density  filters  to  a 
satisfactory  value  not  exceeding  the  limits  of  the  detector.  (If  a  high-loss  fiber  is  mea- 
sured no  ND  is  used  with  the  test  specimen.)  The  tracking  generator  is  adjusted  for  proper 
tracking,  the  spectrum  analyzer  is  set  to  scales  and  conditions  on  which  calibration  data  is 
available,  the  sweep  is  begun,  and  data  are  recorded. 
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The  procedure  is  repeated  for  the  reference  specimen.  In  this  case,  the  average  cur- 
rent level  at  the  detection  is  set  equal  to  that  with  the  test  specimen  and  care  is  taken  to 
ensure  that  the  same  spectrum  analyzer  parameters  are  chosen. 


6.2  Precision  and  Accuracy 

Given  the  difficulty  of  interpreting  bandwidth  measurements,  the  most  important  aspect 
of  bandwidth  measurement  quality  at  the  present  time  is  the  precision,  or  reproducibility. 
To  test  the  precision  of  this  system  repeated  measurements  were  made  on  each  of  two  selected 
fibers,  using  the  procedure  of  section  6.1.  The  two  fibers  were  chosen  because  in  each  case 
a  substantial  history  of  both  bandwidth  and  attenuation  measurements  was  available  [16,22] 
indicating  stability  of  characteristics.  The  nominal  characteristics  of  the  fibers  are  sum- 
marized in  table  2.  Each  measurement  consisted  of  separate  test  and  reference  data  with  a 
completely  new  alignment  and  resetting  of  levels  for  each  specimen.  The  results  are  shown 
in  figures  25  and  26. 

It  is  useful  to  specify  precision  in  two  ways.  One  is  reproducibility  in  determining 
the  frequency  at  which  the  magnitude  reaches  a  specified  level,  say  -3  dB,  -6  dB,  -9  dB, 
etc.  The  other  is  the  reproducibility  in  magnitude  at  a  specified  frequency.  In  figures 
25  and  26  a  one  standard  deviation  precision  at  several  levels  and  frequencies  is  indi- 
cated. Note  that  the  precision  on  fiber  1308  is  significantly  better  than  for  fiber  1223. 
This  difference  appears  to  be  related  to  the  fiber  characteristics—presumably  differences 
in  mode  coupling  and  differential  attenuation--and  was  noted  in  previous  work.  (1308  was 
identified  as  fiber  A  and  1223  as  fiber  B  in  [16].)  In  fact,  the  precision  obtained  in  that 
previous  work  is  very  similar  in  both  cases  to  the  precision  obtained  here  (table  3).  This 
is  not  at  all  surprising  since  the  optical  part  of  the  system  in  all  probability  determines 
the  system  precision  and  the  optics  in  the  two  systems  are  very  similar. 

6.3  Limitations 

The  frequency  range  over  which  this  system  is  operated,  10  to  ~  1200  MHz  is  sufficient 
to  test  most  commercial  fibers—the  highest  commercial  specification  at  this  time  appears  to 
be  1000  MHz'km.  However,  experimental  fibers  with  a  bandwidth  of  2  to  3  GHz'km  and  higher 
have  been  reported,  and  it  would  be  desirable  to  extend  the  range  of  the  system. 


Table  2.     Characteristics  of  fiber  used  in  precision  determinations. 


Fiber 


1308 


1223 


Length 
Si  ze 


1.3  km 


1.1  km 


NA 


50/125  vim 
0.25 

6.0  dB/km  @  850 


50/125  Mm 
0.25 


Attenuation 


6.0  dB/km  @  850 
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Table  3.    Comparison  in  precision  between  a  time  domain  system  [16]  and  the 
frequency  domain  system  described  here.    The  variation  in  FD  pre- 
cision on  1308  at  the  -3,  -6,  and  -9  dB  levels  probably  results 
from  the  different  slopes  of  the  transfer  at  these  points. 


Level 

TD-Precision 

\  FD-Precision 

Fi  ber 

(dB) 

(%) 

(%) 

1308 

-3 

0.6 

1.7 

1308 

-6 

1. 

0.06 

1308 

-9 

1. 

0.06 

1223 

-3 

4. 

3.4 

1223 

-6 

3. 

3.3 

Several  factors  limit  the  upper  frequency  of  the  system  as  it  now  exists.  The  present- 
ly used  wideband  amplifier  and  the  tracking  generator/spectrum  analyzer  all  have  limitations 
in  the  1400  MHz  region.  Each  could  be  upgraded  somewhat,  though  material  dispersion  due  to 
source  linewidth  becomes  a  significant  factor  somewhat  near  2  GHz.  Using  a  more  coherent 
source  will  decrease  material  dispersion  contributions  but  will  increase  problems  in  speci- 
fying launching  conditions  due  to  speckle.  Unless  the  speckle  problem  can  be  eliminated  by 
other  means,  2  GHz  is  probably  the  maximum  useful  frequency  for  a  system  of  this  sort  at 
this  wavelength. 

It  is  becoming  increasingly  important  to  be  able  to  measure  long  systems  with  substan- 
tial loss.  The  dynamic  range  of  this  system  has  not  been  carefully  studied,  but  is  clearly 
limited,  at  present,  to  roughly  20  dB  loss  as  a  result  of  direct  electrical  coupling  from 
input  to  output.  Signal-to-noise  measurements  indicate  that  when  this  problem  is  eliminated 
fibers  with  a  loss  of  at  least  30  to  40  dB  could  be  measured. 

7.  SUMMARY 

Based  on  data  and  experience  obtained  to  date  and  reported  in  previous  sections,  the 
frequency  domain  system  described  in  this  chapter  seems  well  suited  for  the  routine  measure- 
ment of  fiber  bandwidth.  It  is  relatively  simple  to  construct  using  components  that  are 
almost  all  commercially  available.  It  is  easy  to  use  and  requires  fewer  and  less  complex 
computations  than  time  domain  systems.  The  precision  obtained  is  comparable  to  that 
obtained  in  the  time  domain  and  well  within  the  uncertainties  observed  between  laboratories 
[23].  Certain  improvements  in  the  system  and  an  extension  to  the  1.3  or  1.55  ym  region 
would  allow  it  to  perform  most  of  the  multimode  fiber  bandwidth  measurements  required  in  the 
foreseeable  future. 
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Figure   25.    Superposition   of   the   results   of  five  independent  measurements   on   fiber  1308. 

Arrows  indicate  the  one  standard  deviation  imprecision  at  the  -3,  -6,  and  -9  dB 
levels  in  percent  and  at  frequencies  of  200,  400,  and  600  MHz  in  dB. 
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Figure   26.    Superposition   of   the   results  of  five  independent  measurements   on   fiber  1223. 

Arrows  indicate  the  one  standard  deviation  imprecision  at  the  -3,  and  -6  dB 
levels  in  percent  and  at  the  frequencies  of  500,  and  1000  MHz  in  dB. 
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While  this  and  other  work  suggest  that  the  measurement  of  bandwidth  on  a  specific 
length  of  fiber  is  well  in  hand,  a  great  deal  of  work  needs  to  be  done  on  the  length  depen- 
dence of  fiber  bandwidth.  Until  new  approaches  to  this  problem  are  developed  it  is  likely 
that  the  most  appropriate  measurement  conditions  for  bandwidth  measurements  will  continue  to 
be  a  full  excitation  of  the  fiber  modes. 


The  author  is  indebted  to  D.  L.  Franzen, 
consultations  and  to  J.  Skudler  and  R.  Hunter 
Defense,  Calibration  Coordination  Group  and 
Ft.  Huachuca,  Arizona,  provided  partial  funding 


R.   L.  Gallawa,  and  P.  A.  Hudson  for  helpful 
for  technical  assistance.    The  Department  of 
the    U.S.    Army    Electronic    Proving  Ground, 
for  this  work. 


8.  REFERENCES 

[1]    (a)    Personick,  S.  D. ,  Hubbard,  W.  M. ,  and  Holden,  W.  S.    Measurement  of  the  baseband 
frequency  response  of  a  1  Km  fiber.    Appl.  Opt.  13:266-268;  1974. 

(b)  Personick,  S.  D.     Baseband  linearity  and  equilization  in  fiber  optic  digital  com- 
munications systems.    Bell  Sys.  Tech.  J.  52:1175-1195;  1973. 

(c)  Vassal lo,    Charles.      Linear  power  responses   of  an  optical   fiber.      IEEE  Trans. 
Microwave  Theory  Tech.  MTT-25:572-576;  1977. 

[2]    Bracewel 1 ,  Ron.    The  Fourier  transform  and  its  applications.    McGraw-Hill;  1965. 

[3]    Personick,  S.   D.     Design  of  repeaters  for  fiber  systems,  in  Fundamentals  of  optical 
fiber  communications.    Barnoski,  Michael  K. ,  ed.    Academic  Press;  1976. 

[4]    Goldman,  Stanford.    Frequency  analysis,  modulation,  and  noise.    McGraw-Hill;  1948. 

[5]    (a)    Sandberg,  I.  W.  ;  Kaminow,  I.  P.;  Cohen,  L.  G.  ;  and  Mammel  ,  W.  L.  .    On  the  phase 
of  the  modulation  transfer  function  of  a  multimode  optical -fiber  guide.  Bell 
Sys.  Tech.  J.  57:99-109;  1978. 
(b)    Sandberg,    I.   W.     A  note  concerning  optical -waveguide  modulation  transfer  func- 
tions.   Bell  Sys.  Tech.  J.  57:3047-3057;  1978. 

[6]    Gloge,  D.  and  Marcatili,  E.  A.  J.    Multimode  theory  of  graded-core  fibers.    Bell  Syst. 
Tech.  J.  52:1563-1578;  1973. 

[7]  Olshansky,    Robert    and    Keck,    Donald    B.      Pulse   broadening   in   graded-index  optical 
fibers.    Appl.  Opt.  15:483-492;  1976. 

[8]    (a)    Cohen,    Leonard   G.  ;   Kaminow,    Ivan   P.;  Astle,  Harry  W.  ;  and  Stulz,   Lawrence  W. 

Profile  dispersion  effects   on  transmission   bandwidths   in   graded   index  optical 
fibers.     IEEE  J.  Quantum  Electron.  QE-14:47-41;  1978. 
(b)    Horiguchi,  M. ;  Ohmori,  Y. ;  and  Takata,  H.     Profile  dispersion  characteristics  in 
high  bandwidth  graded-index  optical  fibers.    Appl.  Opt.  19:3159-3167;  1980. 

[9]    Procedures  now  under  consideration  by  EIA  Committee  P6. 6--Working  Group  on  Fibers  and 
Materials  (Electronic  Industries  Association,  2001  Eye  St.,  Washington,  DC  20006). 

[10]    Data  supplied  by  P.  Reitz,  Corning  Glass  Works,  Corning,  NY. 


98 


(a)  Suzuki,  S. ;  Kawahara,  T.  ;  Tanaka,  G;  Yoshida,  M.  ;  Kyoto,  M.  ;  Nakahara,  T. ; 
Kumamaru,  H. ;  Takada,  H. ;  Inagaki,  N. ;  and  Kitayama,  K.  Characteristics  of 
graded-index  fiber  by  VAD  method.  Proc.  Optical  Comm.  Conf . ,  Amsterdam,  12.6-1- 
-12.6-4;  1979. 

(b)  Kapron,  F.  P.;  Sladen,  F.  M.  E.  ;  Garel -Jones,  P.  M.  ;  and  Kneller,  D.  G.  Attenua- 
tion and  pulse  broadening  along  concatenated  fiber  links.  Tech.  Digest,  Symp. 
Opt.  Fiber  Meas.-1980,  Boulder,  63-66;  1980.  U.S.  Govt.  Printing  Office, 
Washington,  DC  20402. 

Cohen,  L.  G.  Shuttle  pulse  measurements  of  pulse  spreading  in  an  optical  fiber. 
Appl.  Opt.  14:1351-1360;  1975. 

Swept-f requency  group  delay  measurements.  Applications  Note  77-4,  Hewlett-Packard, 
Palo  Alto,  CA  94304. 

Kobayashi ,  Ikutaro.  Bandwidth  measurement  in  multimode  optical  fibers.  Tech.  Digest, 
Symp.  Opt.  Fiber  Meas.-1980,  Boulder,  49-54;  1980.  U.S.  Govt.  Printing  Office, 
Washington,  DC  20402. 

Okoshi ,  T. ;  Chang,  J.  C.  ;  and  Saito,  S.  Measuring  the  complex  frequency  response  of 
multimode  optical  fibers.    Appl.  Opt.  20:1414-1417;  1981. 

Franzen,  Douglas  L.  and  Day,  G.  W.  Measurement  of  optical  fiber  bandwidth  in  the  time 
domain.    Nat.  Bur.  Stand.  (U.S.)  Tech.  Note  1019;  1980. 

Love,  W.  F.  Novel  mode  scrambler  for  use  in  opti cal -f i ber  bandwidth  measurements. 
Tech.  Digest,  Opt.  Fiber  Commun.,  Washington,  118-120;  1979.  Optical  Society  of 
America. 

Kim,  Ernest  M.  and  Franzen,  Douglas  L.  Measurement  of  far-field  and  near-field  radia- 
tion patterns  from  optical  fibers.    Nat.  Bur.  Stand.  (U.S.)  Tech.  Note  1032;  1978. 

Epworth,  R.  E.  The  phenomenon  of  modal  noise  in  analog  and  digital  systems.  Digest, 
Fourth  Eur.  Conf.  Opt.  Comm.,  Genova,  492-501;  1978. 

Chamberlain,  G.  E.  ;  Day,  G.  W.  ;  Franzen,  D.  L.  ;  Gallawa,  R.  L.  ;  and  Young,  M.  Attenu- 
ation measurements  on  multimode  optical  fibers.  Nat.  Bur.  Stand.  (U.S.)  Tech.  Note 
(in  preparation). 

Green,  S.  I.  50  picosecond  detector  pulse  monitor.  Rev.  Sci.  Instrum.  47:1083-1085; 
1976. 

Day,  G.  W.  and  Chamberlain,  G.  E.  Attenuation  measurements  on  optical  fiber  wave- 
guides: an  i nterlaboratory  comparison  among  manufacturers.  Nat.  Bur.  Stand.  (U.S.) 
NBSIR  79-1608;  1979. 

Franzen,  Douglas  L.  ;  Day,  G.  W. ,  Daniel  son,  Bruce  L.  ;  Chamberlain,  George  E. ;  and 
Kim,  Ernest  M.  Inter! aboratory  measurement  comparison  to  determine  the  attenuation 
and  bandwidth  of  graded-index  optical  fibers.    Appl.  Opt.  15:2412-2419;  1981. 


99 


Chapter  3 


Measurement  of  Near-Field  Radiation  Patterns 
from  Optical  Fibers 

E.  M.  Kim 
D.  L.  Franzen 


A  microcomputer-controlled  system  is  described  for  measuring  TNF  (transmitted  near- 
field)  radiation  patterns  from  optical  fibers.  Theoretical  considerations,  experimental 
technique,  performance,  and  system  calibration  are  presented.  The  dependence  of  TNF 
profiles  on  source  wavelength,  linewidth,  fiber  sample  length,  and  launch  position  is 
given*  A  comparison  of  TNF  profiles  to  actual  index  profiles  shows  that  TNF  measurements  on 
graded-index  fibers  do  not  benefit  from  leaky-mode  correction.  Other  profile  investigations 
include  curve  fitting  and  iso-intensity  contour  mapping.  Contours  were  made  using  the  two- 
dimensional  capability  of  the  system  along  with  digital  image  processing  algorithms. 
Analysis  of  contours  reveals  the  amounts  of  core  non-circularity.  Also  investigated  was  the 
ability  to  measure  single-mode  fiber  spot  size  and  cutoff  wavelength. 
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1.  INTRODUCTION 


The  radiation  propagating  in  a  multimode  optical  fiber  can  take  on  various  spatial  and 
angular  distributions  depending  upon  the  relative  excitation  of  fiber  modes.  Useful  infor- 
mation about  the  fiber  can  be  obtained  by  analyzing  the  radiation  exiting  an  end.  This 
analysis  can  take  place  in  either  the  far-  or  near-field  region.  A  far-field  measurement 
determines  the  angular  dependence  of  intensity  (irradiance)  sufficiently  far  from  the  end  of 
the  fiber  (fig.  1);  whereas,  a  near-field  measurement  determines  the  spatial  intensity  dis- 
tribution in  the  plane  of  the  end  face. 

In  the  far  field,  the  normalized,  angular  intensity  distribution  no  longer  depends  on 
distance  from  the  fiber.  While  the  intensity  at  any  given  angular  coordinate  decreases  as 
the  square  of  the  distance  from  the  fiber  end,  the  normalized  pattern  remains  constant.  If 
the  far-field  pattern  is  circularly  symmetric  about  the  fiber  axis,  then  a  single  angular 
coordinate  is  sufficient  to  describe  the  pattern. 


o 


FIBER 

(b)  NEAR  FIELD 


Figure   1.    Radiation  pattern  measurements   from  optical    fibers,    (a)   far-field  intensity  is 
given  by  1(9)  at  z  >>  z  ,  (b)  near-field  intensity  is  given  by  I(r)  in  xy  plane. 
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The  far  field,  which  is  synonymous  with  the  Fraunhofer  diffraction  region,  is  usually 
said  to  start  at  a  distance 


z  (1) 
ox  v  ' 

from  the  fiber  end,  where  X  is  the  wavelength  of  light  and  a  the.  core  radius  [1],  When 
z  »  zQ,  the  amplitude  (electric  field)  distribution  in  the  far-field  is  closely  related  to 
the  spatial  Fourier  transform  of  the  amplitude  distribution  existing  at  z  =  0,  [1].  In 
practice,  far-field  measurements  are  made  at  distances  greater  than  10  zQ  from  the  fiber 
end.  For  the  standard  graded-index  core  diameter  of  50  ym  and  a  wavelength  of  1  pm,  10  zQ 
is  2.5  cm.  For  the  standard  step-index  core  diameter  of  100  ym,  the  distance  becomes  10  cm. 
Both  of  these  lengths  represent  convenient  laboratory  working  distances. 

Radiation  patterns  are  measured  on  either  short  or  long  lengths  of  fiber,  depending 
upon  the  application.  Frequently,  the  short  length  is  a  2  m  cutback  length  left  over  from 
an  attenuation  or  bandwidth  measurement.  In  this  chapter,  a  long  length  refers  to  the 
entire  length  of  fiber  under  test  and,  for  telecommunications  fibers,  generally  exceeds 
1  km. 

Radiation  patterns  from  multimode  fibers  depend  upon  launching  conditions  and  contain 
contributions  from  both  guided  and  tunneling  leaky  modes  of  the  fiber  [2,3].  In  short 
lengths,  patterns  result  mainly  from  guided  modes  with  a  significant  contribution  from  leaky 
modes.  The  relative  importance  of  the  leaky  mode  contribution  depends  upon  the  index  pro- 
file and  launching  conditions.  In  long  lengths,  leaky  modes  have  generally  decayed  and  the 
patterns  result  from  guided  modes  modified  by  differential  mode  attenuation  and  mode  coupl- 
ing. Far-  and  near-field  patterns  resulting  from  overfilled  launching  conditions  on  graded- 
index  fibers  generally  become  restricted  with  further  propagation  along  the  fiber.  This 
occurs  because  differential  mode  attenuation  is  generally  higher  for  higher  order  modes. 
Eventually  an  equilibrium  is  reached  between  mode  coupling  and  differential  mode  attenuation 
to  yield  a  steady  state  pattern.  However,  steady  state  is  seldom  observed  in  practice  since 
mode  coupling  lengths  in  good  fibers  are  several  kilometers  [4]  if  not  tens  of  kilometers 
[5]. 

'"  fl 

Radiation  patterns  from  single-mode  fibers  indicate  the  intensity  distributions  of  the 
fundamental  waveguide  mode  associated  with  the  index  profile.  The  near-field  pattern  of  the 
fundamental  or  first  order  mode  is  generally  Gaussian  shaped  and  independent  of  structural 
details  in  the  index  profile.  Since  the  Fourier  transform  of  a  Gaussian  is  another  Gaus- 
sian, the  far-field  pattern  from  a  single-mode  fiber  is  also  approximately  Gaussian.  Ir 
fact,  the  radial  dimensions  of  the  near-field  pattern  (spot  size)  can  be  determined  usinci 
either  a  near-field  or  far-field  measurement  [6].  Tables  1  and  2  give  various  measuremenl 
applications  of  radiation  patterns  from  multimode  and  single-mode  fibers,  respectively. 
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Table  1.    Measurement  applications  of  radiation  patterns  from  multimode  fibers. 


Appl ication 

Fiber  length 

Radiation 

Launchi  ng 

General 

empl oyed 

pattern 

conditi  on 

comments 

short  long 

far  near 

(2  m) 

field  field 

1    Radiation  angle  X 


2  Attenuation  X 
using  restricted 
launch  via  a  mode 
filter 

3  Index  profile  X 


4    Core  diameter 


5    Mode  volume  X 
transfer  function 


Overfilled    Meridional ly  defined  NA 

approximated  for  near  para- 
bolic graded-index  fibers. 
Special  considerations 
necessary  for  step  index. 

Overfilled    Used  to  qualify  mode  fil- 
ters; applies  to  graded- 
index  fibers  over  1  km  in 
1 ength. 

Overfilled    Little  or  no  leaky  mode  cor- 
rection required  for  near 
parabolic  graded-index 
fibers;  large  correction  for 
step  index.     Limited  resolu- 
tion information  on  guiding 
regions  of  fiber  only. 

Overfilled    Possible  uncertainty  due  to 
low  index  "barrier"  layer, 
poor  resolution  near  core- 
cladding  boundary,  is  easy 
to  implement. 

Restricted    Applies  to  graded-index 

fibers;  measurement  system 
must  have  ability  to  control 
launch  mode  volume  and 
therefore  beam  optics  sys- 
tems capable  of  independent- 
ly variable  launch  spot  and 
NA  are  usually  required. 


2.    MULTIMODE  FIBER  MEASUREMENTS  UTILIZING  NEAR-FIELD  PATTERNS 

2.1    Index  Profile 

When  a  multimode  optical  fiber  having  a  large  number  of  modes  is  uniformly  illuminated 
to  equally  excite  all  bound  modes,  the  near-field  pattern  approximates  the  refractive  index 
profile  of  the  core  [7].  A  simple  relationship  between  the  refractive  index  profile  and  the 
intensity  distribution  across  the  exit  face  of  the  fiber  can  be  found.  In  this  case,  an 
assumption  will  be  made  that  there  are  only  bound  modes  present. 

For  the  simple  model  of  a  fiber,  only  the  radiation  which  is  contained  in  a  cone  of  ec 
can  propagate  in  the  fiber.  This  angle,  called  the  acceptance  angle,  is  used  to  calculate  a 
numerical  aperture.  Often,  numerical  aperture  is  defined  as  the  largest  cone  of  meridional 
rays  (rays  that  pass  through  the  center  axis)  that  can  enter  or  leave  an  optical  element. 
For  our  purposes,  NA  (numerical  aperture)  is  the  sine  of  the  acceptance  angle  of  the  fiber 
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Table  2. 

Measurement  applications  of  radiation  patterns  from  single-mode  fibers. 


Appl ication 

Radi  ati  on 
tar 
field 

pattern 
nea  r 
field 

General 
comments 

1 

Spot  size 

X 

Direct  measure  of  spot  size  from 
fundamental  mode  shape. 

2 

Spot  size 

X 

Spot  size  obtained  by  transform  to 
near  field.    Gaussian  assumption 
usually  made.    Hankel  transform  more 

f  l  rt       r\  1 1  c 

r  i yu  1  UU  b . 

3 

Cutoff  wavelength 

X 

Cutoff  wavelength  occurs  when  near- 
field  pattern  exhibits  on-axis  dip  due 

4 

Cutoff  wavelength 

X 

or  X 

Cutoff  wavelength  occurs  approximately 
when  spot  size  as  a  function  of  wave- 
length is  a  minimum. 

[8].  The  mathematical  equation  for  NA  as  a  function  of  radial  position  (local  numerical 
aperture)  is 


NA(r)  =  /n(r)2  -  nf  (2) 

=  sin  0  .  (3) 
c  » 

Uniform  illumination  of  the  fiber  requires  a  diffuse  Lambertian  source.  The  angular  depend- 
ence of  such  a  source  acts  as  a  cosine  function.  The  brightness  of  the  Lambertian  source  is 
therefore  given  by 

B(9)  =  Bcose.  (4) 

Then  the  intensity  accepted  into  the  cone  defined  by  the  NA  is 

2,  ec(r> 

I(r)  =   /   d<(>  /        B(e)sinede.  (5) 
o  o 

Substituting   in  the  expression  for  B(e),  the  intensity  accepted  as  a  function  of  radius 

becomes 

I(r)  =  TTsin2ec(r).  (6)  . 

Normalizing  this  equation  to  the  maximum  intensity  which  occurs  at  r  =  0  for  a  graded-inde; 
fiber,  eq  (6)  yields, 
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si n2e  (r) 

IlLl  =  E_.  (7) 

I(o)     sin2ec(o)  {  ' 


This  can  be  expressed  in  terms  of  index  as 

(8) 


I(r)  _  n2(r)  -  n2 


I(o)     n2(o)  -  n2* 

Assuming  all  modes  are  equally  attenuated,  the  output  near-field  replicates  the  input  accep- 
tance. By  assuming  that  the  mathematical  model  for  the  fiber  index  profile  given  by  Gloge 
and  Marcatili  [9],  eq  (8)  becomes 

n2(r)  -  n2  _  ,  ,rNg 


n2(o)  -  n2 


i  -  er  (9) 


where  a  is  the  core  radius  and  g  is  a  constant.  Therefore  the  near-field  radiation  pattern 
will  also  appear  as  a  power  law  profile 

This  indicates  that  in  the  ideal  case,  the  near-field  intensity  distribution  does  correspond 
to  the  refractive  index  profile. 

This  is,  however,  a  simplistic  relationship  between  the  index  profile  and  the  near- 
field  radiation  pattern.  To  fully  understand  the  actual  intensity  distribution  at  the  exit 
end  of  the  fiber,  rigorous  modal  or  optical  ray  analysis  must  be  performed.  Since  the  near- 
field  radiation  pattern  depends  on  the  modal  power  distribution  of  the  fiber,  modal  analysis 
may  be  more  appropriate. 

In  short  lengths  where  differential  mode  attenuation  and  mode  coupling  are  negligible, 
the  deviation  of  the  near-field  pattern  from  the  actual  index  profile  is  due  mainly  to  the 
presence  of  tunneling  leaky  modes.  Sladen,  et  al .  have  derived  a  leaky  mode  correction 
factor  allowing  one  to  obtain  the  index  profile  from  transmitted  near-field  data  [2],  The 
radial  index  profile  difference,  n(r)  -  n2,  is  given  by 


n(r\  n  n(o)    -    ITn  1(f) 

n(r)  -  "2  "    C(r,z)     T(oT  (U) 


where  n(r)  is  the  index  in  the  core,  n£  the  cladding  index,  I(r)  the  near-field  intensity  as 
a  function  of  radius,  and  C(r,z)  the  correction  factor.  C(r,z)  is  zero  at  the  core  center 
and  gradually  rises  to  a  maximum  near  0.9  a,  where  a  is  the  core  radius.  As  an  example  [7], 
for  a  1  m  length  of  fiber  having  a  near-parabolic  index  profile,  a  core  diameter  of  80  urn, 
an  NA  of  0.18,  and  at  a  wavelength  of  0.9  ym,  the  correction  factor  is  8  percent  at  0.6  a, 
rising  to  20  percent  at  0.85  a. 
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Whether  a  leaky-mode  correction  should  be  made  for  near-parabolic  profile,  graded-index 
fibers  is  still  open  to  debate.  Calculations  by  Petermann  [9]  indicate  a  slight  core  ellip- 
tic!* ty  can  cause  leaky  modes  to  attenuate  more  rapidly  than  indicated  in  references  2  and  7 
and  corrections  would  not  be  necessary  for  practical  near-parabolic  fibers.  Leaky-mode  cor- 
rection factors  have  been  derived  for  el  1 i ptical -core  fibers  [10]. 

Regardless  of  the  appropriateness  of  a  correction,  the  near  field  .is  a  close  approxima- 
tion to  the  index  profile  for  near-parabolic  fibers.  Also,  corrections  mainly  affect  the 
0.5  a  to  0.9  a  region  and  the  apparent  width  of  the  pattern  near  the  baseline  is  not 
affected.    This  is  of  importance  in  determining  core  diameter  from  near-field  measurements. 

For  step-index  fibers,  leaky  modes  are  definitely  significant  and  for  short  lengths  the 
near-field  profile  differs  substantially  from  the  index  profile. 

The  near-field  intensity  distribution  gives  information  on  the  spatial  location  of 
power  in  the  fiber.  Thus,  one  is  measuring  only  the  guiding  regions  of  the  fiber.  What 
happens  at  the  core  cladding  interface  or  in  the  cladding  is  not  indicated. 

It  should  be  pointed  out  that  the  above  comments  apply  only  to  multimode  fibers  with 
large  numbers  of  modes.  In  fibers  with  single  or  few  propagating  modes,  the  near-field 
intensity  distribution  is  given  by  the  mode  patterns  themselves  which  can  differ  substan- 
tially from  the  index  profile  shape. 

2.2    Core  Diameter 

Core  diameter  is  usually  defined  from  the  fiber  refractive  index  profile.  In  one 
recommended  definition,  the  core  diameter  is  that  diameter  on  the  index  profile  where  the 
refractive  index  of  the  core  exceeds  that  of  the  cladding  by  k  times  the  difference  between 
the  maximum  refractive  index  in  the  core  and  the  minimum  index  in  the  cladding,  where  k  is  a 
specified  constant  (0  <  k  <  0.05)  [11]  (fig.  2).  Near-field  measurements  can  be  used  to 
determine  core  diameter  in  some  circumstances  because  of  the  close  relationship  between] 
near-field  and  refractive  index  profile.    Leaky-mode  corrections,  if  they  are  even  necessary 

ill 

for  near  parabolic  index  fibers,  do  not  affect  the  measured  width  of  the  near-field  pattern  | 
near  the  baseline.     A  core  diameter  measurement  based  on  the  full  width  at  the  2  to  5  per-  , 
cent  intensity  points  is  appropriate  [12].     A  more  serious  uncertianty  in  determining  core, 
diameter  results  from  the  use  of  low  index  "barrier"  layers  between  the  core  and  cladding.  , 
How  the  near  field  is  affected  by  such  fluctuations  near  the  cladding  has  not  been  com- 
pletely established.     Also,  in  graded-index  fibers,  there  is  a  loss  of  resolution  near  the 
core-cladding  boundary  due  to  the  decrease  in  local  numerical  aperture  [13].    Some  of  these 
problems  may  be  alleviated  in  a  recently  described  "modified  near-field"  technique  [14]., 
Despite   some    limitations,    near-field   measurements   do   indicate  where   power   is  spatially 
located  in  the  fiber  and,  in  some  practical  situations,  this  may  be  more  important  than  the 
core  diameter  determined  from  the  index  profile. 
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Figure   2.   Points   on   a   typical    graded-i ndex  profile  used  for  determining  core  diameter, 
Absolute  index  values  do  not  have  to  be  known. 


2.3    Mode  Volume  Transfer  Function 

Holmes,  et  al . ,  have  introduced  a  concept  describing  the  effect  of  propagation  on  spa- 
tial and  angular  intensity  distributions  in  graded-index  fibers  [15].  They  define  an  "EMV" 
(effective  mode  volume)  based  on  far-  and  near-field  intensity  distributions.  Specifically, 
the  EMV  at  a  given  point  along  the  fiber  is  the  square  of  the  product  of  the  FWHM  (full 
width  at  half  maximum)  of  the  near-field  and  the  sine  of  the  HWHM  (half  width  at  half  maxi- 
mum) of  the  far-field. 

EMV  is  related  to  the  number  of  modes  excited  in  the  fiber.  This  can  be  intuitively 
seen  when  applied  to  the  expression  for  the  total  number  of  guided  modes,  N,  in  a  fully 
excited  graded-index  fiber  having  a  power  law  profile,  g  [16], 

=  ^A_     2imia  2 
2  +  g         x  v  1 

where  a  is  the  core  radius,  X  the  wavelength,  and  other  terms  have  been  previously  defined. 
After  arranging  terms, 

[(NA)  -a]2  (13) 
{^)  •  EMV.  (14) 


Z  +  g  "  x 
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Of  interest  is  the  EMV  transfer  characteristic  for  a  fiber.  This  describes  how  various 
EMVs  propagate  in  the  fiber  and  is  a  plot  of  output  EMV  versus  input  EMV.  By  controlling 
launch  spot  and  NA,  various  input  EMVs  can  be  generated.  Input  EMVs  are  determined  from 
radiation  patterns  exiting  a  2  m  length  at  the  input.  The  corresponding  output  EMVs  are 
obtained  from  radiation  patterns  exiting  the  long  length. 

The  EMV  transfer  characteristic  gives  information  on  mode  coupling,  differential  mode 
attenuation,  and  quasi -steady-state  EMV.  A  fiber  without  mode  coupling  or  differential  mode 
attenuation  appears  as  a  45°  line  on  the  transfer  characteristic  plot;  i.e.,  the  output  EMV 

is  equal  to  the  input  EMV. 

A  principle  use  of  the  EMV  concept  is  in  the  prediction  of  concatenation.  EMV  transfer 
characteristics  and  attenuation  versus  EMV  for  all  the  fibers  in  the  link  allows  one  to  pre- 
dict accurately  the  concatenated  attenuation  for  any  input  EMV  [15]. 

3.    SINGLE  MODE  FIBER  MEASUREMENTS  UTILIZING  NEAR- FIELD  PATTERNS 

3.1  Fundamental  Mode  Spot  Size 

The  size  of  the  fundamental  mode  is  an  important  parameter  for  single-mode  fibers.  For 
most  index  profiles,  the  mode  profile  shape  is  close  to  Gaussian.  A  Gaussian  curve  can  be 
described  by  a  number  of  constants  including  FWHM,  1/e  diameter,  and  1/e2  diameter.  Defini- 
tions have  not  been  standardized  at  the  present. 

Spot  size  is  important  in  determining  splice  loss  when  two  fibers  are  joined.  With  the 
low  losses  available  in  single-mode  fibers  (0.16  dB/km),  a  mismatch  in  spot  size  can  cause 
attenuation  equivalent  to  several  kilometers  of  fiber. 

The  near-field  method  of  determining  spot  size  is  perhaps  the  most  fundamental  of  all 
the  techniques  available  because  it  gives  directly,  by  definition,  the  radial  intensity 
variation  of  the  fundamental  mode.  Other  methods  for  determining  spot  size  include  trans- 
forming far-field  patterns,  measuring  power  loss  from  lateral  splice  offset,  and  analyzing 
light  from  the  fiber  with  various  gratings  and  rulings  [17,18]. 

3.2  Second  Order  Mode  Cutoff 

Another  important  parameter  for  single-mode  fibers  is  the  wavelength  where  the  second- 
order  mode  first  appears.  At  wavelengths  longer  than  the  cutoff  wavelength,  the  fiber  sup- 
ports only  a  single  waveguide  mode.  The  presence  of  a  second  mode  is  undesirable  because  at 
those  wavelengths  where  only  a  few  modes  propagate,  the  differential  group  velocities  are 
rather  large  (several  nanoseconds)  and  give  rise  to  widely  separated  multiple  pulses. 

Cutoff  wavelength  can  be  determined  by  measuring  the  spot  size  as  a  function  of  wave- 
length [19],     Near  cutoff,  the  spot  size  is  close  to  a  minimum.    At  wavelengths  longer  than 
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cutoff,  more  power  propagates  in  the  cladding  and  spot  size  increases.  At  wavelengths 
shorter  than  cutoff,  the  second-order  mode  adds  to  the  first-order  mode  to  give  a  larger 
spot  size.  These  measurements  require  a  fair  amount  of  calculation  because  data  must  be 
acquired  and  fit  to  give  spot  size  for  each  wavelength. 

Another  near-field  method  for  determining  cutoff  utilizes  the  pattern  shape.  The 
second-order  mode  has  an  on-axis  minimum  while  the  fundamental  mode  is  Gaussian  shaped  with 
an  on-axis  maximum.  Cutoff  is  defined  as  that  wavelength  where  the  central  portion  of  the 
near-field  pattern  flattens  out  and  just  begins  to  exhibit  a  dip  due  to  the  presence  of  a 
small  amount  of  second-order  mode  power  [20]. 

It  should  be  pointed  out  that  both  of  the  above  methods  for  determining  cutoff  depend 
on  the  length  of  fiber  sample.  All  methods  based  on  transmission  suffer  from  this  problem 
[21].  At  cutoff  the  loss  of  the  second-order  mode  is  exceptionally  high,  approaching 
1000  dB/km.  Thus,  the  ratio  of  second-order  mode  power  to  first-order  mode  power  is  a  func- 
tion of  fiber  length  and  true  cutoff  would  require  a  very  short  sample—perhaps  less  than 
1  mm.  With  this  in  mind,  the  cutoff  wavelength  determined  by  the  above  methods  on  a  few 
meters  of  fiber  might  well  be  referred  to  as  an  "effective  cutoff."  While  it  is  not  the 
actual  cutoff,  it  is  sufficient  for  system  design. 

4.    DESCRIPTION  OF  ONE-DIMENSIONAL  NEAR-FIELD  SYSTEM 

In  a  near-field  system,  light  is  launched  into  the  fiber  sample  at  one  end  and  the 
intensity  distribution  across  the  exit  end  face  is  measured.  This  pattern  is  acquired  by 
translating  an  apertured  detector  across  a  magnified  image.  Reference  7  gives  a  brief 
description  of  one  of  the  first  near-field  systems.  Arnaud  and  Derosier  demonstrate  a 
variation  of  the  standard  near-field  technique  by  measuring  the  transmitted  power  as  a  small 
area  of  illumination  is  translated  across  the  input  end  face  [22].  This  type  of  apparatus 
is  not  commonly  used  today.  A  recently  proposed  method  called  the  modified  near-field  tech- 
nique is  an  interesting  variation  of  the  standard  method.  An  absolute  measure  of  the  index 
difference  is  possible  with  this  method.  A  more  detailed  description  will  be  given  later  in 
this  section. 

This  section  describes  the  optics,  electronics  hardware,  and  calibration  of  the  NBS 
system.    Experimental  technique  and  system  performance  are  also  discussed. 

4.1  Optics 

The  system  optics  are  divided  into  two  parts--the  launch  optics  and  the  exit  optics. 
Both  parts  must  be  designed  properly  for  optimum  system  performance. 

The  launch  optics  are  shown  in  figure  3.  The  radiation  source  is  a  tungsten-halogen 
projection  lamp.    Since  there  is  a  coil  structure  to  the  filament,  the  bulb  is  frosted  using 
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Figure  3.    Launch  optics  used  with  near-field  systems. 

a  "grit"  blast  to  provide  a  diffuse  source.  This  eliminates  spatial  variations  in  the 
radiation  and  approximates  a  Lambertian  source.  An  aperture  (aperture  #1)  is  placed  near 
the  bulb.  The  spot  size  on  the  launch  end  of  the  fiber  is  controled  by  the  size  of  aperture 
#1.  For  overfilled  launch  conditions,  where  the  spot  size  is  larger  than  the  core  diameter, 
aperture  #1  is  typically  2000  ym  in  diameter;  this  gives  a  100  \im  diameter  spot  on  the 
f i  ber. 

A  chopper  wheel  is  placed  immediately  after  aperture  #1.  The  chopper  wheel  acts  as  an 
"on-off"  switch  to  convert  the  dc  white  light  source  into  a  train  (in  the  time  domain)  of 
square  pulses.  The  chopper  enables  the  use  of  phase-sensitive  detection  and  substantially 
increases  the  S/N  (signal-to-noise)  ratio. 

After  the  chopper  wheel,  the  radiation  passes  through  a  broadband  interference  filter. 
Wavelength  selection  is  accomplished  with  this  filter.  A  wide  linewidth  bandpass  is  used  to 
reduce  modal  ripple  caused  by  the  summation  of  a  finite  number  of  modes  [23].  The  filters 
used  in  the  system  are  centered  at  850  and  600  nm  and  have  full  half  intensity  widths  of 
approximately  80  nm.  An  850  nm  filter  is  often  used  since  this  is  a  wavelength  common  to 
fiber  telecommunications  links. 

After  the  interference  filter,  the  light  is  focused  onto  the  fiber  by  a  lens  assembly. 
The  camera  lens  assembly  can  be  modeled  as  an  aperture  (aperture  #2)  and  a  simple  lens.  The 
DMAG  (demagni f ication )  ratio  is  given  approximately  as 


DMAG 


L  /F, 


(15) 


where  F  is  the  focal  length  of  the  lens  and  L  is  the  distance  from  aperture  #1  to  the  lens. 
The  spot  size  on  the  fiber  is  equal  to  the  size  of  aperture  #1  divided  by  DMAG.     The  usual 
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FROSTED  TUNGSTEN  LAMP 


Figure  4.    The  radiation  pattern  of  the  "grit-blasted"  envelope  tungsten-halogen  lamp  image 
at  the  fiber  entrance  face. 


STRIP  LAMP 


Figure  5.    The  radiation  pattern  of  the  flat  tungsten  strip  lamp  image  at  the  fiber  entrance 
face.    Note  that  a  more  uniform  pattern  is  launched. 
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Figure  6.  Exit  optics  for  the  system.  The  fiber  enters  from  the  left  and  is  magnified  by 
the  microscope  objective  onto  the  apertured  PIN  detector.  Alternatively,  the 
eyepiece  or  vidicon  may  be  used  to  inspect  the  fiber  exit  face. 
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100  ym  diameter  spot  spatially  overfills  50  pm  diameter  core  fibers.  Figure  4  gives  the 
radiation  pattern  of  the  source  at  the  fiber  entrance  face.  If  a  flat  tungsten  strip  lamp 
is  used,  a  much  more  uniform  pattern  results  (fig.  5). 

The  numerical  aperture  of  the  launch  is  totally  dependent  on  the  f  number  controlled  by 
aperture  #2.    The  conversion  from  the  f  number  to  NA  is  made  with  the  help  of  the  following 

equation  \ 

NA  =  sin  [tariff— — 1—— 11.  (16) 
L         K2f  number Ji  v  ' 

For  an  f  number  of  1.3,  the  launch  NA  is  0.36.     Since  the  fiber  NA  rarely  exceeds  0.2,  an 
angular  overfill  condition  is  met  for  an  f  number  of  1.3. 

Light  is  launched  from  the  camera  lens  into  the  bare  fiber  which  rests  on  a  vee-groove 

holder.    The  fiber  is  held  in  the  vee-groove  by  a  piece  of  adhesive  tape  and  a  small  padded 

weight.     The  vee-groove  is  fastened  to  an  xyz  translation  stage  for  ease  of  focusing  and 

positioning.  The  bare  fiber  is  placed  in  a  cladding  mode  stripper  which  removes  light  from 

the  cladding.  The  stripper  is  made  of  black  felt  soaked  in  index-matching  oil.  The  bare 
fiber  is  laid  on  the  felt  and  sandwiched  by  a  second  oil -soaked  strip  of  black  felt;  the 

cladding  mode  stripper  is  10  cm  long. 

For  many  reasons  it  is  important  that  the  fiber  be  angularly  and  spatially  overfilled. 
This  condition  assures  that  all  modes  are  excited.  If  the  fiber  is  underfilled,  a 
restricted  mode  distribution  exists  at  the  exit  end  of  the  fiber  and  would  yield  an  incor- 
rect result  in  the  case  of  core  diameter  measurement. 

Exit  optics  for  the  system  are  shown  in  figure  6.  The  coating  is  again  removed  and  the 
fiber  placed  through  a  cladding  mode  stripper.  Here  the  mode  stripper  is  much  shorter  than 
at  the  launch  end  and  is  attached  to  the  vee-groove  which  holds  the  fiber.  Any  residual 
cladding  light  is  stripped  out  at  this  point.  The  vee-groove/mode  stripper  assembly  is 
mounted  on  an  xyz  translation  stage  for  positioning  and  focusing.  The  exit  end  face  of  the 
fiber  is  magnified  by  a  0.65  NA,  40X  metallurgical  objective  designed  for  a  tube  length  of 
210  mm.  The  image  plane  scanned  by  the  detector  is  240  mm  from  the  objective.  Operating  at 
or  near  the  recommended  tube  length  of  the  objective  reduces  spherical  aberrations.  A 
metal lurgical  objective  is  used  because  it  does  not  require  a  cover  slip  for  proper  correct-' 
i  on. 

A  detector  is  placed  240  mm  from  the  objective  and  scans  the  intensity  distribution  of 
the  magnified  image.    The  magnification  at  the  detector  is  approximated  by  the  simple  ratio 

240  mm  _  M_  ,  > 

210  mm  ~  40'  [  ' 

where  M  is  the  magnification.     This  equation  yields  an  approximate  magnification  of  45.  A 
more  accurate  measurement  of  the  magnification  is  made  when  calibrating  the  system.    A  35  pm I 
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diameter  aperture  is  placed  in  front  of  the  detector  to  increase  the  resolution.  The 
detector-aperture  therefore  could  at  best  resolve  35  ym/45  or  0.75  ym  as  referenced  to  the 
f  i  ber  .end. 


The  resolution  of  the  near-field  system  is  not  determined  by  the  apertured  detector  but 
by  the  fiber  or  magnifying  optics.  Since  the  objective  collects  all  the  light  emitted  from 
the  fiber,  the  resolution  is  determined  by  the  fiber  NA.  Adams,  et  al.  [23]  showed  that  the 
resolution  is  related  to  the  number  of  propagating  modes  by  analysis  not  unlike  that  used 
for  the  spatial  resolution  of  a  lens.  Using  a  WKB  argument,  they  showed  that  the  half 
period  of  ripples  in  a  near-field  pattern  yields  the  spatial  resolution  of  the  method.  The 
limit  of  resolution,  R  ,  for  a  parabolic  fiber  is 

Ri=W  (18» 

where  NA  «  0.2  for  typical  fibers.  For  X  =  850  nm,  this  expression  yields  a  resolution  of 
1.3  yni.  In  classical  optics,  the  resolution  limit  of  a  lens  is  related  to  the  Fraunhaufer 
diffraction  pattern  of  a  circular  aperture  illuminated  by  a  uniform  source,  i.e.,  the  spa- 
tial distance  from  the  center  maximum  to  the  first  dark  ring  of  the  Airy  disk.  If  D  is  the 
diameter  of  the  lens,  F  is  the  focal  length,  and  r  the  radial  distance  from  the  maximum  to 
the  first  dark  ring  of  the  Airy  disk,  then  the  resolution  R2 

R2=^-  (19) 

Using  the  approximation, 

NA  =  0.5/f  number,  (20) 

eq  (19)  can  be  expressed  as  a  function  of  NA, 

R2»0.61^  (21) 

where  f  number  =  F/D.  This  is  the  common  expression  for  the  limit  of  resolution  of  a  micro- 
-  scope  objective  [24].  This  gives  the  minimum  spatial  separation  of  two  points  whose  Airy 
disks  might  be  distinguished  in  the  image  plane.  That  is,  if  the  distance  is  0.61  X/NA, 
then  the  maximum  of  one  disk  corresponds  to  the  first  zero  of  the  other;  this  is  the  so 
called  Rayleigh  criterion. 

Using  this  criterion,  the  resolution  is  approximately  2.6  ym  which  is  twice  the  figure 
given  by  eq  (18).  .  By  coincidence,  the  resolution  limit  of  eq  (18)  is  equal  to  the  1/e  width 
of  the  minimum  spot  size  of  a  Gaussian  beam  in  the  focus  of  a  lens. 
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Table  3.    Different  resolution  limit  definitions. 


Type 

Resol uti  on 

How  derived 

Normal ized 
to  Airy  disk 
def i  nition 

Raylei  gh 
criterion 

0.61X/NA 

Distance  from  maximum 
to  first  dark  ring  of 
Airy  disk  pattern.  From 
diffraction  theory. 

1 

Gaussi  an 

X/tt(NA) 

Distance  from  max  to 
1/e2  of  max  of  a 
Gaussian.  From 
diffraction  theory. 

0.52 

Adams , 
et  al . 
(step) 

X/4(NA) 

Half  period  of  near- 
field  pattern  ripples. 
From  mode  theory. 

0.41 

Adams , 
et  al . 
(parabol ic) 

X/tt(NA) 

Half  period  of  near- 
field  pattern  ripples. 
From  mode  theory. 

0.52 

Table  3  summarizes  the  different  definitions  of  resolution  limit.  Normalized  to  the 
Rayleigh  criterion,  the  remaining  definitions  show  better  resolution  limits  for  the  same 
parameters.  Experimental  data  for  the  near  field  system  discussed  here  indicates  a  resol ut-'{ 
ion  limit  of  1.3  ym  to  1.7  ym.  These  numbers  were  arrived  at  by  measuring  the  half  period 
of  the  ripples  in  the  near-field  pattern  at  a  wavelength  of  850  nm.  At  any  rate,  table  2 
shows  that  there  is  a  factor  of  two  difference  in  the  resolution  depending  on  the  analysis 
and  definitions. 

Alignment  and  focusing  are  accomplished  by  the  use  of  movable  mirrors,  eyepiece,  ancj 
vidicon  as  shown  in  figure  6.  First,  a  fiber  is  imaged  onto  the  detector  at  the  measurement 
wavelength  (typically  850  nm)  and  is  focused  using  the  on-axis  index  dip  common  to  most 
fibers.  Then,  using  a  600  nm  filter,  the  first  movable  mirror  is  positioned  to  illuminate 
the  eyepiece.  The  eyepiece  is  adjusted  until  the  image  appears  in  sharp  focus.  Now,  when  i 
fiber  end  is  in  focus  at  the  eyepiece,  it  will  be  in  focus  at  the  detector  when  the  mirror 
is  moved  out  of  position.  The  position  of  the  vidicon  is  also  determined  as  with  the  eye- 
piece, only  with  850  nm  light.  In  addition,  the  correct  spatial  position  of  the  image  i? 
marked  by  cross-hairs  on  the  video  monitor.  This  guarantees  that  the  fiber  lies  in  th< 
optic  axis  of  the  objective,  and  is  in  the  optimum  position  for  imaging.  When  the  image  01 
the  fiber  end  on  the  video  monitor  is  in  focus  and  bisected  by  the  cross-hairs,  it  will  b< 
in  focus  at  the  detector  when  the  mirror  is  moved  out  of  position. 
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4.2  Electronics 

The  detector  is  a  silicon  PIN  diode  in  the  photovoltaic  mode  [25].  This  detector  has  a 
5.1  mm  active  area  and  a  built-in  operational  amplifier.  The  output  signal  from  the 
detector  goes  to  the  input  of  a  lock-in  amplifier.  The  reference  signal  for  the  lock-in 
originates  from  the  chopper.  The  chopping  frequency  is  approximately  400  Hz  and  the  time 
constant  of  the  lock-in  amplifier  is  typically  40  ms.  The  dc  output  voltage  from  the  lock- 
in  is  read  by  a  DVM  (digital  voltmeter)  and  interfaced  to  computer  memory. 

The  detector  is  mounted  on  two  orthogonal  stepper  motors  giving  two  degrees  of  freedom 
in  the  plane  perpendicular  to  the  optical  axis  of  the  objective.  The  motors  are  identical 
and  have  movements  of  0.4  ym/step.  Each  motor  has  its  own  controller  which  contains  the 
electronics  required  for  stepping  the  motor.  Controllers  have  TTL  compatible  interfaces  for 
computer  control  of  the  electronics.  A  Z8  microcomputer  is  used  to  translate  and  take  volt- 
age readings  from  the  detector.  The  microcomputer  accomplishes  the  translation  and  voltage 
readings  via  its  input/output  ports. 


4.3  Calibration 

The  accuracy  of  core  diameter  measurements  would  be  suspect  without  a  dimensional  cali- 
bration. A  calibration  device  has  been  developed  for  near-field  systems  [26].  It  consists 
of  a  reticle  illuminated  by  a  large  core/NA  fiber  and  is  intended  to  fit  into  a  system  in 
place  of  the  fiber  under  test.  The  image  in  the  detector  plane  is  that  of  the  reticle 
rather  than  a  fiber  endface.  Photolithographic  techniques  common  to  integrated  circuit 
fabrication  are  used  to  make  the  reticles.  The  substrate  is  glass  1.6  mm  thick  covered  with 
100  nm  thick  chromium  film.  Fine  transparent  lines  appear  in  the  opaque  chromium  film 
(fig.  7).  Three  1.2  ym  wide  vertical  lines  are  separated  by  50  ym.  A  pair  of  horizontal 
lines  5  ym  wide  are  located  100  ym  on  either  side  of  the  vertical  lines.  These  lines  aid  in 
making  scans  perpendicular  to  the  vertical  lines.  When  a  scan  intersects  both  horizontal 
lines,  the  tilt  of  the  vertical  lines  is  less  than  1°  and  the  central  regions  are  measured. 
The  tilt  error  in  measuring  a  100  ym  distance  is  less  than  0.5  percent.  The  reticle  is 
J  placed  in  a  fixture  and  illuminated  through  a  diffuser  by  a  2  m  long,  large  core  (300  ym) , 
large  NA  (0.4)  plastic  fiber.  Therefore,  light  fills  up  the  NA  of  the  objective.  From 
eq  (21)  the  resolution  is  approximately  0. 9  ym  for  X  =  850  nm. 
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Figure    7.  Calibration    pattern    on    test    reticle,  all 
calibration  bars  are  in  transmission. 
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Figure  8.    Analog  results  of  a  calibration  scan  using  the  NBS  TNF  system.     Ful 1 -width-hal f- 
maximum  of  the  calibration  bars  is  1.1  pm,  consistent  with  expectations. 

ij 

An  analog  result  of  a  calibration  scan  is  given  in  figure  8.    A  FWHM  (full  width  half! 
maximum)  linewidth  of  1.1  pm  was  measured  in  general  agreement  with  expectations.    The  meas- 
urement of  the  width  of  the  line  is  not  the  most  important  factor.    The  distance  between  the 
peaks   is  the  critical   parameter.     The  nominal   distance  between  lines  1  and  3  is  100  pnv 
Fourteen   repeated  measurements  of  the  1  to  3  distance  on  the  reticle  were  made,  with  it 
being  refocused  each  time.     These  measurements  showed  that  at  X  =  850  nm  the  magnificatiorj 
of  the  near-field  system  is  45.5.     Referenced  to  the  fiber  end  face,  the  system  acquires  | 
data  point  every  0.22  ym.     The  standard  deviation  of  14  calibration  measurements  is  les; 
than  0.22  pm.     The  resolution  limit  of  the  objective  does  not  limit  the  precision  of  the 
calibration  since  the  resolution  defines  the  ability  to  distinguish  two  lines  close  togethei 
whereas  these  measurements  determine  distances  between  centers  of  lines  that  are  far  apart 
The  measurement  is  limited  by  the  motor  movement  which  is  0.22  pm. 

The  linearity  of  the  system  can  be  determined  by  measuring  the  difference  between  line) 

I 

1  and  2  and  lines  2  and  3.  The  1  to  2  minus  2  to  3  distance  was  0.3  pm.  This  is  approxi J 
mately  the  distance  between  data  points  (0.22  pm)  indicating  good  linearity. 

The  stability  of  the  apparatus  was  also  tested  using  the  calibration  reticle.  Th 
detector  was  positioned  at  the  peak  of  the  center  vertical  calibration  line.  The  drift  c 
the  system  was  determined  by  checking  for  decreases  in  intensity  which  are  related  to  dis 
placement  from  the  peak  of  the  calibration  line,  viz.  figure  8.  Rather  surprisingly,  th 
system  exhibited  a  drift  of  less  than  0.2  pm  over  a  period  of  30  min. 

II 
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Calibration  was  also  performed  at  X  =  600  nm.  The  magnification  for  this  wavelength  is 
0.4  percent  greater  than  that  for  \  =  850  nm.  The  difference  is  not  significant  enough  to 
warrant  correction  to  the  data  taken  with  the  red  filter.  This  also  indicates  the  objective 
is  well  corrected  for  chromatic  aberration. 

Absolute  calibration  of  the  reticle  is  accomplished  by  comparing  the  distance  between 
vertical  lines  to  the  wavelength  of  the  632.8  nm  transition  of  the  HeNe  laser.  Using  a  pie- 
zoelectrical  ly  driven  stage,  the  reticle  is  smoothly  translated  across  a  focused  (1  ym  spot) 
HeNe  laser  beam.  A  large  area  detector  is  placed  behind  the  reticle  so  that  it  is  illumi- 
nated by  the  focused  beam  as  the  transparent  calibration  lines  move  across  the  HeNe  spot.  A 
Fabry-Perot  interferometer  is  used  with  a  second  HeNe  laser  to  measure  the  displacement  by 
fringe  counting  as  the  reticle  is  translated.  Since  a  short  Fabry-Perot  cannot  resolve  the 
individual  modes  of  a  HeNe  laser,  the  transmission  fringes  occur  every  half  wavelength  or 
316.4  nm.  The  tranmission  fringes  from  the  interferometer  are  recorded  by  another  large 
area  detector.  The  experimental  apparatus  is  shown  in  figure  9;  reticle  transmission  and 
the  corresponding  Fabry-Perot  fringes  are  also  shown.  The  distance  between  lines  1  and  3  is 
measured  to  be  100.1  ym.  The  precision  of  the  data  was  determined  to  be  0.1  u  (one  stan- 
dard deviation)  for  six  measurements.  The  difference  between  lines  1  and  2  and  lines  2  and 
3  is  0.0  ±  0.1  urn. 


HeNe 


Figure  9.  (a)  Method  used  for  placing  absolute  calibration  on  reticle.  (b)  Line  spacing 
referenced  to  Fabry-Perot  fringes,  in  this  example  the  1  to  3  distance  is  316.5 
f ri  nges. 
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4.4    Experimental  Technique  and  Performance 

The  system  acquires  the  near-field  intensity  distribution  by  magnifying  the  fiber  end 
face  and  scanning  a  detector  across  the  diameter  of  the  image.  In  figure  6,  the  apertured 
detector  is  at  a  fixed  distance  from  the  objective  which  insures  that  the  magnification 
ratio  (and  therefore  the  calibration)  remains  constant  and  independent  of  system  adjust- 
ments. \ 

Care  must  be  taken  in  preparing  good  ends  on  the  fiber  sample  especially  for  core  diam- 
eter measurements.  First  the  buffer  coating  is  stripped  back  about  15  cm  before  the  ends 
are  cleaved.  End  faces  should  be  inspected  with  a  microscope  to  insure  cracks  or  foreign 
matter  do  not  exist  in  the  core  region.  They  should  also  be  inspected  for  flatness  and  per- 
pendicularity to  the  axis.  This  can  be  accomplished  by  shining  a  HeNe  laser  on  the  end  face 
parallel  to  the  axes.  Four  percent  of  the  light  is  reflected  off  the  end.  If  the  surface 
is  not  perpendicular  light  will  reflect  off  at  some  angle.  Any  nonuni f ormity  of  the  end 
surface  will  cause  a  deformation  in  the  intensity  distribution  of  the  reflected  light.  The 
use  of  a  concentric  ring  pattern  at  the  laser  gives  a  quantitative  measure  of  the  nonperpen- 
dicularity  of  the  cleave.  End  faces  that  are  nonperpendi cular  by  more  than  1.5°  are 
rejected.  Gross  deformations  of  the  reflected  spot  on  the  target  are  also  grounds  for 
rejection. 

At  the  launch  end,  the  fiber  is  placed  in  the  vee-groove.  The  cladding  mode  stripper 
is  used  on  the  bare  part  of  the  fiber  to  eliminate  unwanted  cladding  light.  The  other  end 
of  the  fiber  is  placed  in  the  vee-groove/cladding  mode  stripper  assembly  at  the  imaging 
optics.  Using  the  600  nm  (red)  filter,  the  image  of  the  fiber  end  is  brought  into  the  field 
of  view  of  the  eyepiece  via  the  movable  mirror  and  focused.  The  red  filter  is  then  replaced 
by  the  850  nm  filter,  the  eyepiece  mirror  is  translated  from  the  optical  axis  of  the  objec- 
tive, and  the  image  is  detected  by  the  vidicon  via  its  turning  mirror.  The  image  is 
centered  (usually  at  the  trough  of  the  index  dip)  on  the  electrically  generated  cross-hairs 
of  the  video  monitor.  The  image  is  then  projected  on  the  detector  plane  by  removing  the 
mirror  from  the  light  path.  Fine  spatial  adjustments  to  find  the  trough  of  the  index  dip 
are  performed  at  the  detector  by  manually  moving  the  motor. 

The  signal  from  the  detector  is  acquired  by  the  lock-in  amplifier.  To  optimize  thej 
voltage  reading,  the  phase  adjustment  is  tuned  to  yield  the  maximum.  The  launch  optics  are 
then  adjusted  to  maximize  the  signal.  The  system  is  now  ready  to  take  data  in  either  the 
vertical  or  horizontal  axis.  Usually  320  data  points  are  taken  for  multimode  fibers,  cor- 
responding to  approximately  35  ym  on  each  side  of  the  starting  point.  A  320  point  scar 
usually  takes  about  6  min. 

Performance  of  the  system  can  be  determined  by  its  accuracy,  stability,  precision,  anc 
dynamic  range.  Precision  is  a  statement  of  measurement  repeatability.  It  is  not  to  be  con- 
fused with  "systematic"  error  which  is  the  offset  of  the  average  of  a  large  number  of  meas- 
urements from  the  true  value.     Best  precision  is  obtained  when  a  measurement  is  repeatei 
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without  disturbing  any  parameters.  For  a  typical  50  ym  diameter  multimode  graded-index 
fiber,  measurement  of  the  core  diameter  at  5  percent  points  is  repeatable  with  a  one  stan- 
dard deviation  of  ±0.2  ym  (±0.4  percent).  Here,  the  near-field  measurement  was  made  six 
times  without  disturbing  any  parameters.  It  was  accomplished  with  an  overfilled  launch  con- 
dition at  a  wavelength  of  850  nm.  This  indicates  that  the  system  does  not  have  appreciable 
"drift,  thus  confirming  the  stability  data. 

For  practical  purposes  however,  near-field  measurements  are  made  with  new  fiber  ends 
and  system  alignment.  To  determine  precision  under  these  conditions,  six  successive  lengths 
of  fiber  were  cut  and  measurements  were  performed  on  each  length.  Six  different  fibers  from 
four  different  manufacturers  were  tested  in  this  way.  All  of  these  fibers  exhibited  smooth 
"backscatter  signatures  indicating  very  little  diameter  variation  with  length.  The  average 
precision  (one  standard  deviation)  for  core  diameter  on  these  50  ym  graded-index  fibers  was 
+0.4  ym  (+0.8  percent). 

Typical  signal-to-noise  ratios  of  the  system  are  about  40  dB  for  an  unattenuated  source 
at  a  wavelength  of  850  nm.  The  minimum  tolerable  S/N  is  about  17  dB.  Therefore,  the  dy- 
namic range  of  the  system  is  23  dB.  Figure  10  is  an  analog  near-field  profile  with  the 
source  attenuated  by  22  dB.  When  the  voltage  is  digitized,  typical  maximum  to  minimum 
digitized  outputs  are  between  400:1  and  1000:1  depending  on  the  scale  of  the  lock-in  ampli- 
fier. 

Improvements  in  the  dynamic  range  may  be  made  by  increasing  the  source  linewidth  or  the 
, lock-in   time   constant.      However,    if   the   lock-in   time   constant   is   increased,   the  time 
required  to  gather  the  data  will  also  increase.    This  may  not  be  an  acceptable  trade-off.  A 
.summary  of  the  system  specifications  is  given  in  table  4  for  typical  50  ym  diameter  fibers. 
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Table  4.    Near-field  specifications  for  multimode  fibers. 


Characteristic 

Performance 

Magni  f ication 

A  f~        f             i  ATA 

45.5  at  850  nm 
45.8  at  600  nm 

Resolution 

1.3  to  1. 7  ym 

Accuracy 

0.  5  ym 

^0  ?  nm  fwor         mi  nutoc 

\ u •  C        1 1    U VCI      JU  IIIIIIULCO 

Precision 

±0.5  ym  or  ±0.8% 

(one  standard  deviation) 

Dynamic  range 

23  dB  at  850  nm 

5.    DESCRIPTION  OF  TWO-DIMENSIONAL  CONTOURING  TECHNIQUE 

Determination  of  core  nonci rcul arity  is  of  interest  to  standards  groups.  Knowledge  of 
this  parameter  allows  the  user  to  properly  select  connectors  and  evaluate  splice  loss.  In 
addition,  for  graded-index  fibers  the  circularity  of  the  core  theoretically  affects  the 
leaky  mode  attenuation  coefficient.  The  more  elliptical  a  core,  the  more  rapidly  the  leaky 
modes  attenuate. 

Standards  organizations  have  yet  to  specify  the  amount  of  core  nonci rcul arity  allowed. 
A  nonci rcul arity  (maximum  minus  minimum  diameter)  of  6  percent  has  been  recommended  by  the 
CCITT  and  8  percent  by  the  IEC  [27].     Corresponding  to  tolerance  fields  of  ±3  ym  and  ±4  yn 
for  50  ym  core  fibers.     Both  organizations  are  studying  a  four  circle  tolerance  method.  Ir 
this  method  four  concentric  circles  are  used  such  that  the  cladding/air  boundary  is  con- 
tained within  the  ring  defined  by  the  outer  two  circles  and  the  core/cladding  interface  i: 
contained  within  the  ring  defined  by  the  two  inner  circles  (fig.  11).     The  width  of  thesij 
rings  is  called  the  tolerance  field.     For  simplicity,  the  tolerance  field  in  this  chaptei 
refers  to  the  core/cladding  interface  only.     Generally,  the  field  is  constructed  by  deter 
mining  the  smallest  circle  that  circumscribes  the  interface  and  defining  it  to  be  the  oute 
circle.     The  inner  circle  is  that  circle  which  has  a  radius  equal  to  the  distance  betwee 
the  center  of  the  circumscribing  circle  and  the  closest  core/cladding  point.    A  microscop 
method  is  commonly  used  in  which  the  template  of  four  concentric  circles  is  superimposed  o 
the  image  of  the  fiber  cross  section  to  determine  if  the  boundaries  lie  within  the  rings 
This  is  strictly  a  "go-no  go"  test  to  see  if  the  fiber  geometry  lies  within  the  tolerances 
Inspection  is  often  performed  by  an  operator. 

Due  to  the  properties  of  the  human  eye,  this  method  of  inspection  is  not  reliable.  Nc 
only  does  the  eye  respond  as  a  logarithmic  function  of  incident  light  intensity,  it  suffer 
a  response  "over  shoot"  around  the  boundary  of  regions  of  different  intensity.  This  phe 
nomenon,    called   the  Mach-band   effect    [28],    is   an   important   physical    limitation   of  tr 
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Figure  11.  The  four  circle  tolerance  field  for 
determining  core  and  cladding  non- 
ci  rcularity. 


microscope  method  where  inspection  is  performed  by  a  human  operator.  Therefore,  the  Mach- 
band  effect  coupled  with  subjective  human  judgement  make  the  use  of  an  operator  inspected 
microscope  method  for  determining  core  diameter  undesirable. 

Alternate  methods  for  determining  ellipticity  have  been  proposed  in  lieu  of  a  tolerance 
template.  The  focusing  [29],  scattering  [30],  and  Fourier  transform  methods  [31]  have  been 
suggested.  These  techniques,  however,  take  much  processing  time  for  simply  contouring  a 
boundary.  A  more  promising  method  for  making  geometric  measurements  was  proposed  by  Marcuse 
and  Presby  [32]  in  which  a  vidicon  with  a  video  digitizer  scans  a  near-field  image  to  find 
the  core/cladding  and  the  outside  diameter.  The  image  is  usually  digitized  to  8  bits  or  an 
intensity  resolution  of  255:1.  Although  attractive,  the  vidicon  target  may  be  spatially 
nonuniform  and  require  a  point-by-point  calibration  [33].  In  addition,  many  cameras  have  an 
intensity  dependent  gain  which  can  cause  nonlinear  processing  if  care  is  not  taken. 

A  method  is  described  in  which  the  near-field  system  is  used  to  map  an  isointensity 
contour  of  the  core.  Use  of  the  orthogonal  stepper  motors  enables  the  detector  to  be  posi- 
tioned at  any  location  on  the  fiber  image.  The  cursor-like  property  of  the  detector  can  be 
used  to  locate  and  circumscribe  the  core  boundary.  Algorithms  commonly  used  in  digital 
image  processing  are  used  to  perform  the  contouring.  The  LML  rule  (T  Algorithm)  [34]  with  a 
simplification  of  Freeman's  chain  code  [35]  programmed  into  the  computer  controlling  the 
motors  is  used  for  locating  the  spatial  coordinates  of  the  core/cladding  boundary.  The  data 
is  then  analyzed  by  another  program  to  find  the  tolerance  field.  The  experimental  appara- 
tus, procedure,  and  electronic  hardware  are  the  same  as  that  for  the  conventional  near-field 
system. 
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Again,  the  Z8  microcomputer  is  used  for  acquiring  the  data.  In  this  case  however,  both 
motors  are  translated  for  a  single  map  of  the  core.  Also,  the  data  recorded  in  memory  is 
not  the  voltage  of  the  DVM  but  the  spatial  (x,y)  coordinates  of  the  isointensity  points. 
Analysis  is  performed  by  a  graphics  computer  to  yield  the  tolerance  ring  and  the  isointen- 
sity contour  map. 

In  order  to  minimize  data  acquisition  time,  a  finite  number  of  data  points  (locations) 
are  recorded.  Too  few  data  points  result  in  large  errors  in  the  contour,  whereas  too  many 
take  time.  This  problem  can  be  modeled  by  assuming  the  fiber  core  boundary  can  be  described 
by  an  ellipse.  Essentially,  this  equation  has  four  parameters:  (1)  the  x-position;  (2)  the 
y-position;  (3)  the  major  axis;  and  (4)  the  minor  axis.  Using  the  spatial  analog  to  the 
Nyquist  frequency  criteria,  the  minimum  number  of  samples  required  to  describe  an  ellipse 
without  major  errors  (aliasing)  is  4x2=8.  Better  approximations  may  be  made  with  16 
isointensity  locations.  Sixteen  data  points  appeared  to  provide  sufficient  information  to 
construct  a  good  contour  map  and  were  therefore  chosen  as  the  number  of  points  gathered.  I 

The  use  of  the  LML  rule  proved  to  be  adequate  for  contouring  a  constant  intensity 
level.  The  chain  coding  scheme  adapted  well  to  the  T  algorithm.  The  LML  rule  is  used  to 
decide  the  direction  of  travel  of  the  cursor  (detector)  out  of  each  point  relative  to  the 
direction  of  entry  into  that  point.  The  cursor  is  always  looking  toward  its  left  to  see  if 
the  intensity  is  the  same  as  the  reference  intensity. 


In  the  contouring  algorithm  used,  the  LML  restricts  the  cursor  to  the  inside  of  a  hypo- 
thetically  circular  isointensity  boundary.  Also,  only  16  isointensity  locations  are  sought. 
These  16  points  are  of  equal  angular  spacing.  Figure  12  is  useful  for  explaining  the  con- 
tour algorithm.  Before  any  mapping  is  performed,  the  fiber  end  is  focused  onto  the  detec- 
tor. The  detector  is  moved  to  the  central  extremum  location  of  the  fiber  image.  The 
extremum,  taken  as  the  origin  (0,0),  is  usually  the  trough  of  an  index  depression  in  the 
profile  and  is  at  or  near  the  geometric  center  of  the  image.  The  contouring  program  is 
activated  and  records  the  16  equi -angular  points  as  follows: 

1.  The  operator  is  prompted  to  give  the  initial  point  (IP)  in  micrometers.  This  is 
usually  the  5  percent  core  diameter  which  has  been  determined  previously. 

2.  The  computer  moves  the  detector  in  the  -y  direction  to  the  specified  location  and 
records  the  number  of  motor  steps  in  cartesian  coordinates.  It  also  stores  the  intens- 
ity at  the  IP.    This  intensity  is  used  as  the  reference  for  the  isointensity  contour. 

3.  The  computer  calculates  the  number  of  x-  and  y-axis  motor  steps  required  for  22.5° 
translations  of  the  detector  in  a  single  quadrant  at  the  same  radius  as  the  IP.  This 
information  is  used  for  all  four  quadrants  of  a  circle.  It  is  expected  that  the  cursor 
will  move  clockwise  from  the  IP  and  stay  inside  of  the  imaginary  perfect  circle  calcu- 
lated by  the  computer. 

4.  The  computer  moves  the  detector  clockwise  22.5°  on  the  calculated  perfect  circle 
and  takes  the  intensity  reading  of  the  fiber  image  at  that  location. 

5.  The  computer  makes  a  decision — is  the  intensity  greater,  equal,  or  less  than  the 
reference?  If  greater,  the  detector  is  moved  radially  out  of  the  circle  and  the  in- 
tensity is  read  every  0.1  ym  relative  to  the  image.  When  encountering  an  intensity 
less  than  or  equal  to  the  reference  intensity,  that  location  is  recorded  in  memory  as 
(x,y),  where  x  and  y  are  the  x-axis  and  y-axis  motor  steps  taken.  If  the  intensity 
reading  is  less  than  the  reference  upon  completion  of  the  22.5°  rotation,  a  radial 
search  is  performed  toward  the  center  of  the  image  at  0.1  ym  intervals.  Upon  encoun- 
tering a  measured  intensity  greater  than  or  equal  to  the  reference,  that  location  is 
recorded.  If  the  intensity  of  the  point  on  the  calculated  circle  is  equal  to  the 
reference,  that  location  is  recorded.  This  routine  is  repeated  until  the  detector 
wraps  around  to  the  IP.    The  16  points  are  typically  gathered  in  6  to  7  min. 

The  data  is  processed  to  yield  a  tolerance  field  containing  all  of  the  16  isointensity 
locations.  Determining  the  nonci rcularity  is  not  as  simple  as  just  finding  the  maximum  and 
minimum  radii  from  the  origin  (central  extremum).  It  is  more  accurate  to  find  the  smallest 
circle  that  circumscribes  the  data  points.  The  origin  of  such  a  circle  will  most  likely  be 
offset  from  the  central  extremum  location.  The  inner  circle  of  the  tolerance  field  is 
formed  by  finding  one  of  the  16  data  points  whose  distance  is  closest  to  the  center  of  the 
circumscribing  circle. 


125 


An  iterative  approach  was  used  to  perform  the  task  of  finding  the  circumscribing 
circle.  The  method  calls  for  the  computer  to  construct  an  11  x  11  grid  overlayed  on  the  16 
data  points  with  the  grid  origin  on  top  of  the  origin  of  the  cartesian  coordinates  defining 
the  data  locations.  The  size  of  the  grid  is  88  ym  x  88  ym.  From  each  grid  point,  the  dis- 
tances to  each  of  the  16  data  points  are  calculated.  The  largest  of  the  distances  is  then 
compared  and  the  smallest  of  these  distances  is  selected.  The  grid  point  corresponding  to 
this  distance  is  then  the  new  origin  and  an  11  x  11  grid  of  8.8  ym  x  8.8  ym  is  built  around 
it.  This  process  is  repeated  twice  more  until  an  11  x  11  grid  of  0.088  ym  x  0.088  ym  is 
formed.  Again,  the  smallest  of  the  largest  distances  is  found.  The  grid  point  correspond- 
ing to  that  distance  is  the  center  of  the  smallest  circumscribing  circle  around  the  16  data 
locations.  Using  that  center,  the  shortest  distance  between  it  and  the  16  data  points  is 
found.  This  is  the  inner  circle  that  defines  the  tolerance  field.  The  radius  of  the  outer 
circle  minus  the  radius  of  the  inner  circle  yields  the  tolerance  field  (usually  given  as 
±(outer  radius-inner  radius)).  The  nonci rcularity  is  defined  by  the  difference  in  the  diam- 
eters of  the  inner  and  outer  circle.  The  circles  are  plotted  along  with  the  relative  posi- 
tions of  the  data  points. 

\ 

6.    EXPERIMENTAL  RESULTS  FROM  NEAR-FIELD  MEASUREMENTS  ON  MULTIMODE  FIBERS 

6.1    Length  Dependence 

In  multimode  fibers,  the  higher  order  bound  modes  generally  attenuate  more  rapidly  than 
the  lower  order  modes.  If  leaky  modes  are  also  excited,  the  situation  becomes  more  complex. 
Since  the  relative  amount  of  power  left  in  each  mode  is  a  function  of  fiber  length,  near- 
field  core  diameter  may  depend  on  test  sample  length.  Therefore,  a  study  was  conducted  in 
which  the  core  diameter  was  measured  for  1,  2,  and  7  m  sample  lengths.  Also,  the  effects  of 
large  bends  (loops)  in  the  fiber  sample  for  1  and  2  m  lengths  were  investigated. 

Table  5  gives  the  core  diameter  differences  between  2  m  and  7  m  fiber  samples.  The 
average  difference  is  0.4  ym.  All  the  results  are  positive,  indicating  a  gradual  contrac- 
tion of  the  radiation  pattern  owing  to  increased  attenuation  for  higher  order  modes  (differ- 
ential mode  attenuation).  The  amount  of  spatial  contraction  differs  among  fibers,  but  the 
magnitude  of  the  differences  are  always  small  for  the  lengths  studied. 

A  comparison  of  core  diameters  was  made  between  2  m  lengths  having  one  30  cm  diameter 
loop  and  straight  1  m  samples  (see  table  6).  The  average  core  diameter  difference  is 
+0.5  ym.  One  large  loop  was  used  in  the  2  m  sample  to  simulate  gradual  bends  that  may  exist 
in  the  fiber  when  measurements  are  being  made  on  a  typical  test  bench.  Again,  the  contrac- 
tion in  the  pattern  was  small  and  the  differences  positive.  Comparisons  of  the  1  m  and  2  n 
radiation  patterns  are  shown  in  figures  13  to  18.  The  average  difference  in  core  diameter 
between  samples  having  two  15  cm  loops  and  straight,  1  m  samples  (1  m  minus  2  m)  wa: 
+0.9  ym.  Results  indicate  that  radial  bends  less  than  30  cm  in  diameter  are  not  recommende* 
since  such  bends  act  as  a  mode  filter  and  cause  increased  attenuation  for  higher  order  mode 
which  results  in  smaller  measured  core  diameter. 
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Table  5.    Length  dependence  of  5  percent  core  diameter  (2  m  versus  7  m). 


Fiber  #  Diameter  from  2  m  length 

minus  diameter  from  7  m,  ym 

1  +0.2 

2  +0.3 

3  +0.7 

4  +0.1 

5  +0.7 

6  +0.1 

Average  +0.4 


A  comparison  was  made  between  2  m  and  1  km  lengths  of  graded-index  fiber.  Figure  19a 
shows  the  near-field  patterns  from  2  m  and  1  km  lengths  of  the  same  graded-index  fiber.  The 
1  km  pattern  is  noticeably  contracted.  The  5  percent  diameter  for  the  2  m  length  is  4.2  ym 
greater  than  that  for  the  1  km  length.  The  far-field  pattern  was  also  measured  under  the 
same  conditions  (fig.  19b)  and  it  also  shows  a  contraction.  For  the  1  km  length,  a  contrac- 
tion of  0.9°  or  8  percent  is  observed.  A  length  comparison  of  near-field  patterns  was  also 
made  on  a  multimode  step  fiber.  The  2  m  sample  shows  the  distinctive  "leaky  mode  ears" 
(fig.  20).    At  1  km  the  leaky  mode  power  is  not  evident. 


Table  6.    Length  dependence  of  5  percent  core  diameter  (1  m  versus  2  m). 


Fiber  #  Diameter  from  1  m  length 

minus  diameter  from  2  m,  pin 

1  +0. 7 

2  +0.5 

3  +0.4 

4  +0.5 

5  +0.4 

6  +0.3 

Average  +0.5 
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Figure  13,    TNF  comparisons  for  1  and  2  m  specimen  lengths,  850  nm,  fiber  #1. 
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Figure  14.    TNF  comparisons  for  1  and  2  m  specimen  lengths,  850  nm,  fiber  #2. 
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Figure  15.    TNF  comparisons  for  1  and  2  m  specimen  lengths,  850  nm,  fiber  #3. 
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Figure  16.    TNF  comparisons  for  1  and  2  m  specimen  lengths,  850  nm,  fiber  #4. 
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Figure  17.    TNF  comparisons  for  1  and  2  m  specimen  lengths,  850  nm,  fiber  #5. 

I 
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Figure  18.    TNF  comparisons  for  1  and  2  m  specimen  lengths,  850  nm,  fiber  #6. 
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igure  19.  (a)  Normalized  near-field  radiation  patterns  at  2  m  and  1  km  from  an  initially 
overfilled  graded-index  fiber.  (b)  Normalized  far-field  radiation  patterns  at 
2  m  and  1  km  for  the  same  fiber  and  launch  conditions.  The  restriction 
indicates  the  loss  of  power  in  higher-order  modes. 
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Figure  20.  Normalized  near-field  radiation  patterns  at  2  m  and  1  km  from  an  initially 
overfilled  muUimode  step-index  fiber.  The  short  sample  exhibits  the 
distinctive  "leaky  mode  ears." 
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6.2    Wavelength  and  Linewidth  Dependence 

The  near-field  system  was  calibrated  at  wavelengths  of  850  nm  and  600  nm  using  the 
calibration  reticle.  Although  the  correction  is  very  small  between  850  nm  and  600  nm  (0.44 
percent),  it  is  required  to  fully  interpret  core  diameter  data  obtained  at  the  two  wave- 
lengths. In  order  to  investigate  wavelength  dependence  in  core  diameter,  the  near-field 
patterns  of  six  fibers  were  obtained  at  850  nm  and  600  nm  (figs.  ,21  to  26).  Each  plot  is 
normalized  to  its  maximum  intensity.  Note  that  at  the  shorter  wavelength  the  resolution  is 
increased  showing  in  more  detail  the  deposition  layer  structure.  This  enhancement  is  very 
apparent  for  the  fiber  in  figure  23. 

From  these  patterns,  the  5  percent  core  diameters  at  850  nm  and  600  nm  were  determined. 
Tabulated  in  table  5  are  the  diameters  taking  into  account  the  0.44  percent  chromatic  cor- 
rection factor.  The  difference  between  the  corrected  diameters  is  less  than  the  distance 
between  data  points.  Therefore,  near-field  core  diameter  is  invariant  to  a  change  in  the 
wavelength  from  850  nm  to  600  nm;  the  inclination  therefore  is  to  use  shorter  wavelengths 
for  better  resolution. 

The  source  filter  width  was  changed  from  88  nm  to  8  nm  (centered  at  850  nm)  to  study! 
the  effects  of  various  spectral    linewidths  on  near-field  patterns.     Comparisons  of  near- 
field  profiles  for  the  two  linewidths  for  two  fibers  are  shown  in  figures  27  and  28,  respec- 
tively.    Normally,  the  detected  signal  is  processed  using  a  40  ms  time  constant  on  the  lock-j 
in  amplifier.     However,  since  the  signal-to-noise  ratio  was  low  when  using  the  8  nm  line- 
width  filter,  the  time  constant  was  increased  to  125  ms.    This  is  sufficient  time  to  process 
each  piece  of  data  since  data  is  taken  at  approximately  1  s  intervals.    The  near-field  pat- 
terns for  the  two  different  filters  are  essentially  the  same.     It  is  therefore  recommended 
that  a  wide  linewidth  source  be  used  for  the  sake  of  increasing  the  signal.     A  wide  line 
width  would  also  tend  to  reduce  modal  ripple  should  it  become  a  problem  [23], 


Table  7.  Wavelength 

dependence  of  5  percent 

TNF  core  diameter. 

Fiber  # 

a.  850  nm 

b.  600  nm 

c.  600  nm 

d.  (c  -  a 

corrected 

urn 

Mill 

ym 

ym 

1 

47.2 

47.4 

47.2 

0.0 

2 

44.5 

44.8 

44.6 

+0.1 

3 

50.5 

50.8 

50.6 

+0.1 

4 

49.9 

50.2 

50.0 

+0.1 

5 

50.4 

50.4 

50.2 

-0.2 

6 

48.3 

48.6 

48.4 

+0.1 
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Figure  21.    TNF  profiles  for  fiber  #1  at  600  and  850  nm. 
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Figure  22.    TNF  profiles  for  fiber  #2  at  600  and  850  nm. 
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Figure  23.    TNF  profiles  for  fiber  #3  at  600  and  850  nm. 
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Figure  24.    TNF  profiles  for  fiber  #4  at  600  and  850  nm. 
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Figure  25.    TNF  profiles  for  fiber  #5  at  600  and  850  nm. 
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Figure  26.    TNF  profiles  for  fiber  #6  at  600  and  850  nm. 
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Figure  27.    TNF  profiles  for  source  linewidths  of  8  and  8  nm  centered  at  850  nm,  fiber  #3. 
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Figure  28.    TNF  profiles  for  source  linewidths  of  8  and  8  nm  centered  at  850  nm,  fiber  #6. 
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6.3    Launch  Position  Dependence 

Launch  parameters  were  varied  to  determine  the  sensitivity  of  near-field  measurements 
to  launching  conditions.  It  was  presumed  that  even  small  deviations  from  the  optimum  launch 
condition  would  affect  core  diameter  measurements. 

For  the  present  apparatus,  the  optimum  launch  position  is  that  which  maximizes  light 
intensity  at  the  image.  Using  a  large  spot  launch,  launch  parameters  may  be  additionally 
changed  by  varying  the  launch  NA,  axially  translating  the  fiber  away  from  the  optimum,  and 
transversely  moving  the  fiber  from  the  optimum. 

For  launch  NA  dependence,  NA  was  reduced  from  0.36  to  0.24.  The  effect  of  changing 
launch  NA  for  a  step-index  and  a  graded-index  fiber  are  given  in  figures  29  and  30,  respec- 
tively. In  the  step  fiber  case,  lowering  the  NA  has  the  effect  of  eliminating  the  leaky 
mode  ears.  Measurement  of  the  far-field  radiation  pattern  on  this  step  fiber  indicated  a 
fiber  NA  of  about  0.25.  Thus,  by  restricting  the  launch  angle  to  that  which  is  close  to  the 
fiber  NA,  leaky  modes  are  eliminated  and  a  better  approximation  to  the  step-index  profile  is 
achieved.  There  was  no  appreciable  change  in  the  near-field  shape  of  the  graded-index  fiber 
when  the  launch  NA  was  decreased  from  0.36  to  0.24.  The  graded  fiber  had  an  NA  of  0.18. 
Since  most  multimode  graded-index  fibers  have  NAs  of  0.2,  a  launch  NA  of  0.24  still  provides 
an  overfilled  launch  condition.  However,  in  practice,  the  launch  NA  should  be  greater  than 
0.3  if  an  overfilled  launch  is  desired.  If  the  launch  NA  is  reduced  below  that  of  the 
graded-index  fiber,  the  near-field  pattern  will  become  restricted. 

The  effects  of  transverse  and  axial  translation  of  the  fiber  are  shown  in  figures  31 
and  32  and  figures  33  and  34,  respectively.  Translations  of  25  ym  perpendicular  to  the 
optical  axis  and  100  ym  in  the  axial  direction  do  not  change  the  shape  of  the  profile, 
although  a  decrease  in  intensity  at  the  output  is  noticed.  There  was  also  little  change  in 
the  5  percent  core  diameters.  For  the  25  pm  transverse  offset,  fiber  1  showed  a  change  of 
0.0  ym,  fiber  2  a  change  of  0.1  ym,  and  fiber  6  a  change  of  0.2  ym.  For  the  ±100  ym  axial 
translation,  there  were  no  changes  in  the  core  diameter.  A  summary  of  these  results  is 
jgiven  in  table  8. 


Because  optical  fibers  are  fabricated  from  deposited  layers,  a  wide  variety  of  index 
profile  shapes  is  possible.  The  purpose  of  this  section  is  to  point  out  some  of  the  diverse 
near-field  patterns  observed  in  our  laboratory. 

Fibers  fabricated  from  the  inside  MCvD  (modified  chemical  vapor  deposition)  method 
frequently  have  on-axis  dips  in  the  index  profile.  This  is  caused  by  the  evaporation  of 
germanium  during  the  collapse  of  the  preform.  Dopants  evaporate  from  the  last  layer  as  the 
burner  temperature  is  increased.  Figure  35  shows  one  of  the  deepest  dips  in  the  near-field 
profile  observed  in  our  laboratory  for  a  graded-index  fiber.  Also,  there  is  deposition 
layer  structure  apparent  adjacent  to  the  dip.     The  presence  of  a  dip  in  the  index  profile 


|6.4    Profile  Pathologies 
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Figure  29.  TNF  profiles  for  a  large  core  step-index  fiber  for  0.18  and  0.36  launch 
numerical  aperture  (NA).  Note  the  "leaky-mode  ears"  for  the  overfilled  launch 
NA  condition. 
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Figure    30.  TNF   profiles    for   a    graded-index    fiber    for   0.18   and    0.36   launch  numericc 
aperture  (NA).    There  is  little  difference  in  the  patterns. 
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Figure  31.    Normalized  TNF  profiles  for  an  optimum  launch  and  a  25  ym  transversely  offset 
launch,  fiber  #1. 
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Figure  32.    Normalized  TNF  profiles  for  an  optimum  launch  and  a  25  ym  transversely  offset 
launch,  fiber  #6. 
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Figure   33.   Normalized   TNF  profiles   for  an   optimum   launch   and   a  +100  ym  axially  offset 
launch,  fiber  #1. 


Figure   34.    Normalized   TNF   profiles   for   an   optimum   launch   and   a   -100  ym  axially  offse 
launch,  fiber  #1. 
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Table  8.    Core  diameter  due  to  changes  in  launch  position 
(translated  minus  optimum  launch). 


Translation  Fiber  #  5%  core  diameter  difference 

(translated  minus  optimum) 
ym 

25  ym  transverse  1  0.0 

25  ym  transverse  2  +0.1 

25  ym  transverse  6  +0.2 

+100  ym  axial  1  0.0 

-100  ym  axial  1  0.0 


does  not  greatly  disturb  the  attenuation  properties  of  the  fiber.  Figure  36  gives  the  spec- 
tral attenuation  for  this  fiber  plotted  as  a  function  of  l/x4.  The  loss  out  to  1.1  ym  is 
Ray  1  ei gh  scattering  limited  and  the  vertical  axis  intercept  is  only  0.2  dB.  The  index  dip 
does  however  affect  the  bandwidth.  If  one  assumes  good  group  delay  compensation  over  the 
whole  profile,  one  effect  of  the  index  depression  would  be  to  increase  the  group  velocity 
for  modes  near  the  axis;  the  result  would  be  a  pre-pulse.  Figure  37  is  the  impulse  response 
for  this  fiber  and  indeed  a  low-1  >vel  pre-pulse  is  present.  Fibers  fabricated  from  the  out- 
side CVD  process  generally  have  smaller  dips  than  the  inside  process.  Figures  38  and  39  are 
examples  of  fibers  made  by  an  outside  process  and  exhibit  the  smallest  dips  we  have  observed 
for  graded-index  fibers. 

Step-index  fibers  fabricated  from  MCVD  also  exhibit  on-axis  index  depressions.  Figure 
40  is  an  example  of  a  large-core  "fat"  fiber  having  a  deep  depression  in  the  near-field  pro- 
file. Here  several  deposition  layers  are  also  evident.  The  launch  NA  for  this  fiber  was 
restricted  to  eliminate  leaky  mode  "ears".  Figure  41  is  also  a  step-index  fiber  at  two  dif- 
ferent launch  NAs  showing  the  presence  of  leaky  modes  at  launch  NAs  higher  than  the  fiber 
NA.    This  fiber  also  has  a  "peak"  within  the  index  dip. 

Another  class  of  fibers  encountered  is  "quasi-step"  fibers.  Index  profiles  for  these 
fibers  are  not  pure  step  but  partially  graded  to  enhance  the  bandwidth  (fig.  42).  Band- 
widths  of  quasi-step  fibers  are  intermediate  to  pure  step  and  parabolic  profile  fibers. 

Occasionally  near-field  profiles  reveal  features  not  desirable  for  good  fiber  design. 
This  includes  asymmetries  in  shape,  localized  peaks  in  the  profile,  excessive  core  ovality, 
i  and  undesirable  profile  shape.  Figures  43  through  48  give  various  examples  of  these  kinds 
of  fibers.  Fiber  4  has  an  asymmetric,  high-intensity  region  near  the  center  of  the  core. 
Figures  43  and  44  are  two  orthogonal  scans  for  this  fiber.  The  high  intensity  region  exists 
over  only  a  small  part  of  the  core  and  is  not  circular  symmetric.  Figures  45  and  46  are 
examples  of  fibers  having  excessive  core  ovality.  Orthogonal  scans  are  superimposed  to 
reveal  the  degree  of  ovality.  Figure  47  is  an  example  of  an  undesirable  profile.  This 
fiber  has  large  ripples  superimposed  on  a  near-power  law  profile.   Figure  48  is  perhaps  the 
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Figure  35.    One  of  the  deepest  index  depressions  for  a  graded-index  fiber  in  a  near-field 
profile  was  fiber  #3. 
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Figure  36.    The  spectral  attenuation  as  a  function  of  l/A1*  for  fiber  #3. 
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Figure  37.    The  impulse  response  of  fiber  #3  shows  a  low-level  pre-pulse  presumably  due  to 
the  deep  index  depression. 
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Figure  38.   Analog  TNF  profile  of  a  fiber  made  by  the  outside  chemical    vapor  deposition 
process. 
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Figure  39.    TNF  profile  of  fiber  #5  which  was  made  by  the  outside  chemical  vapor  deposition 
process. 


i  a 


0.9  . 


>     0.8  . 


0.7  . 


0.6 


0.5  . 


0.4 


-54. 9    -44.0    -33.0    -22.0    - 1  1 . a       0.0      11.0  22.0 
RADIAL  POSITION.  MICROMETERS 


33.0      44.0  54.9 


Figure  40.    TNF  profile  of  a  large  core  fiber  with  a  deep  index  depression  and  pronounce 
deposition  layer  structure. 
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Figure  41.    TNF  profiles  of  a  multimode  step-index  fiber  for  0.18  and  0.36  launch  numerical 
aperture  (NA). 
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Figure  42.    TNF  profile  of  a  "quasi -step"-index  fiber. 
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Figure  43.    TNF  profile  of  fiber  #4,  850  nm. 
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Figure  44.    TNF  profile  of  fiber  #4,  850  nm.     Fiber  rotated  90°  from  figure  26;  note  lack 
circular  symmetry  at  the  core  center. 
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Figure  45.    Orthogonal  TNF  scans  of  a  fiber  with  excessive  core  ovality,  fiber  #7 
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Figure  46.    Orthogonal  TNF  scans  of  a  fiber  with  excessive  core  ovality,  fiber  #8 
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Figure  47.    Fiber  #9  has  excessive  ripple  superimposed  on  a  nominally  parabolic  shape. 
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Figure  48.    Fiber  #10  has  an  extremely  elliptical   core  coupled  with  a  large  on-axis  pea 
which  is  also  elliptical. 
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jstrangest  profile  observed.  Here  the  core  is  extremely  elliptical  and  a  very  large  peak 
bccurs  on-axis.  Large  on-axis  peaks  in  the  index  profile  generally  lead  to  trailing  pulses 
:aused  by  low  on-axis  group  velocity  [36], 

6.5  Comparison  of  Near-Field  Profiles  to  Actual  Index  Profiles 

Since  core  diameter  is  defined  from  the  refractive  index  profile,  it  is  important  to 
Know  how  well  the  near-field  profile  (overfilled  launch)  matches  the  index  profile.  The 
major  source  of  disagreement  is  thought  to  be  contributions  from  leaky  modes.  Power  in 
these  modes  would  cause  the  near-field  profile  to  "bulge  out"  from  the  actual  index  profile 
jat  medium  to  high  radial  values.  Whether  a  leaky  mode  correction  should  be  made  is  subject 
•to  debate  [9].  In  this  section  near-field  profiles  from  six  graded-index  fibers  are  com- 
pared to  actual  index  profiles. 

Refractive  index  profiles  for  the  six  fibers  were  determined  by  the  refracted  ray  scan- 
ning method  (sometimes  referred  to  as  RNF,  refracted  near-field)  [37].  RNF  gives  an  accu- 
rate measure  of  the  index  profile  with  resolution  generally  better  than  1  jam.  RNF  profiles 
were  obtained  at  a  wavelength  of  632.8  nm  using  a  HeNe  laser. 

Comparisons  are  given  in  figures  49  through  54.  Note  that  in  all  cases  the  near-field 
profiles  are  to  the  inside  or  touching  the  RNF  profiles.  Leaky  mode  corrections  would 
result  in  a  constriction  of  the  profiles  and  further  increase  the  disagreement.  It  appears 
that  near-field  profiles  from  graded-index  fiber  do  not  benefit  from  leaky  mode  corrections. 

Other  interesting  points  are  brought  out  in  these  comparisons.  Fiber  1  has  an  abrupt 
step  in  the  index  profile  near  the  core-cladding  boundary.  Near-field  power  does  not  fill 
this  region  of  the  fiber  to  indicate  the  presence  of  the  step.  This  is  of  interest  for  core 
diameter  measurements  where  behavior  near  the  baseline  is  of  special  interest.  Fiber  6  has 
a  low  index  barrier  layer  between  the  core  and  cladding.  Note  that  the  near-field  profile 
includes  only  the  region  of  the  core  where  light  is  guided,  consequently  the  low  index  bar- 
rier layer  does  not  appear.  This  is  of  little  consequence  for  core  diameter  measurements 
since  index  values  below  the  cladding  are  not  considered  in  the  definition. 

Near-field  profiles  reverse  curvature  near  the  core-cladding  boundary  due  to  a  loss  of 
resolution  and  leakage  of  light  from  the  core  into  the  cladding.  In  all  cases,  the  near- 
field  profiles  cross  the  index  profile  near  the  core-cladding  boundary.  This  behavior  has 
been  taken  advantage  of  by  standards  groups  in  setting  definitions  for  core  diameter  when 
different  measurement  methods  are  allowed.  The  curves  cross  over  at  about  the  2.5  to  3.0 
percent  intensity  levels  [38]. 

6.6  Curve  Fitting 

A  serious  limitation  of  the  near-field  method  is  the  loss  of  resolution  near  the  core- 
cladding  boundary  due  to  the  decrease  in  local  fiber  numerical  aperture.  By  curve  fitting 
the  profile,  this  effect  can  be  compensated  for.    The  purpose  of  fitting  the  profile  is  not 
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Figure  49.    Comparison  of  RNF  (M.  J.  Saunders)  and  TNF  profiles  for  fiber  #1  which  had  the 
largest  disagreement  in  5  percent  core  diameter. 


Figure  50.    Comparison  of  RNF  (M.  J.  Saunders)  and  TNF  profiles  for  fiber  #2. 
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Figure  51.    Comparison  of  RNF  (M.  J.  Saunders)  and  TNF  profiles  for  fiber  #3. 
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Figure  52.  Comparison  of  RNF  (M.  J.  Saunders)  and  TNF  profiles  for  fiber  #4.  Note  curves 
are  normalized  to  left  peak.  The  asymmetric  high-intensity  peak  in  the  TNF 
occurs  over  only  a  small  portion  of  the  core. 
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Figure  53.  Comparison  of  RNF  (M.  J.  Saunders)  and  TNF  profiles  for  fiber  #5.  A  speck 
foreign  material  near  the  cladding  (lower  left  side  of  RNF  profile)  results 
an  abnormally  large  value  for  5  percent  RNF  core  diameter. 


Figure  54.    Comparison  of  RNF  (M.  J.  Saunders)  and  TNF  profiles  for  fiber  #6  which  has  a  1 
index  barrier  layer.    Good  agreement  occurs  at  the  5  percent  diameter. 


152 


'to  find  a  mathematical  formula  for  approximating  a  set  of  data  values  as  is  sometimes  done, 
but  to  "smooth"  and  average  the  profile  to  eliminate  bumps  or  anomalies  that  may  affect  the 
imeasurement  of  core  diameter.  In  the  near-field  method,  the  diameter  of  the  profile  below 
the  5  percent  intensity  level  is  not  an  accurate  measure  of  the  index  profile  due  to  the 
[curvature  reversal.  Usually  the  actual  profile  shape  is  estimated  by  a  fitted  curve  in  this 
regi  on. 

The  least  squares  algorithm  was  used  to  fit  profiles.  The  criterion  for  the  best  fit 
is  that  the  sum  of  the  squares  of  the  errors  be  a  minimum  [39], 

2 

I  e.j  =  minimum.  (34) 

The  error  is  the  difference  between  the  observed  and  computed  values.  The  primary  advantage 
of  the  method  of  least  squares  is  that  methods  of  calculus  can  be  employed  to  find  the  mini- 
mum sum  of  squares  of  errors. 

Two  equations  were  evaluated  for  their  ability  to  approximate  profiles.  They  were  the 
power  law  and  third  order  polynomial.  The  power  law  equation  refers  to  the  ideal  near-field 
intensity  distribution  exiting  a  fiber  for  a  Gloge-Marcati 1 i  index  profile. 

$}=l-(r/*)9  (35) 

where  r  is  the  radial  position,  I(r)  is  the  intensity  at  r,  a  is  the  core  radius  and  g  is 
the  index  profile  parameter.  In  order  to  use  the  least  squares  algorithm,  the  equation  was 
linearized  to  yield 

I(r) 

u  =  log(l  -  yj^y)  =  +  9lo9r  "  9lo9a  (36) 


where  the  adjustable  constants  are  g  and  a.     The  absolute  tolerance  for  displacements  is 
10"3  anc 
tion  is 


\0~    and  the  initial  values  of  g  and  a  are  2  and  25  ym,  respectively.    The  third  order  equa- 


I(r)      .  2  3 

u  =  TT-f  =  1  +  a.  r  +  a  r    +  a  r  .  (37) 
I(o)  12  3 

The  maximum  number  of  iterations  (adjustments  to  the  constants)  for  both  cases  is  700,  after 
which  the  computer  terminates  the  program. 

Because  of  the  reversal  of  curvature  near  the  core-cladding  boundary,  deposition 
layers,  and  index  depressions  near  the  core  center,  a  fit  cannot  be  made  to  the  whole  pro- 
' f i 1 e.  By  fitting  between  the  10  percent  to  80  percent  intensity  points  on  the  profile  these 
anomalies,  that  are  not  contributors  to  the  general  ideal  shape  of  the  profile,  can  be  eli- 
minated. Also,  every  other  data  point  between  10  percent  to  80  percent  was  used  since  em- 
pirically there  was  no  difference  in  the  final  fitted  curve.    Use  of  every  other  data  point 
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also  decreases  processing  time.  The  shape  of  the  fitted  curve  does  however,  change  appreci- 
ably when  using  every  third  data  point.  Residues  were  also  calculated  for  the  fitted 
curves.    The  residues  are  the  errors  between  the  actual  values  and  the  fitted  values. 

Results  of  the  power  law  fit  to  fibers  1,  2,  4,  5,  and  6  are  shown  in  figures  55  to 
60.  Due  to  a  nonsymmetrical  "hotspot"  on  the  profile,  two  scans  of  fiber  4  are  shown  in 
figures  57  and  58,  where  the  scans  are  perpendicular  to  each  other.  The  residues  associated 
with  each  fit  are  also  shown.  Convergence  occurred  typically  after  <50  iterations  and  fre- 
quently after  100. 

6.7  Modified  Near-Field 

The  MNF  method  first  proposed  by  Sabine,  Donaghy,  and  Irving  [14],  is  essentially  the 
conventional  near-field  experiment  with  different  sample  preparation.  Because  of  this, 
drastic  differences  in  interpretation  occur.  In  essence,  the  MNF  method  considers  a  short 
piece  of  fiber  where  both  core  and  cladding  are  overfilled  by  the  launch.  Core  and  cladding 
are  then  treated  as  the  core  of  one  large  equivalent  step  fiber  with  a  central  perturbation 
(the  multimode  core)  and  the  surrounding  lower  index  material  around  the  fiber  as  the  clad- 
ding. The  original  experiments  used  the  silicone  buffer  coating  as  the  outer  cladding.  By 
treating  the  whole  fiber  as  a  step  fiber  with  a  central  perturbation,  the  resolution  at  thel 
core/cladding  interface  is  improved.  Absolute  indices  can  also  be  assigned  to  the  profile. 
Theoretical  analysis  shows  the  leaky  mode  corrections  all  but  disappear  and  that  the  correc-j 
tions  to  the  absolute  indices  are  less  than  5  x  10~k  in  the  core  region  [40]. 

An  attempt  was  made  to  implement  MNF  by  modifying  the  conventional  system.     The  aper-| 
ture  immediately  after  the  source  was  removed  and  replaced  with  opal  glass  to  obtain  a  di f ■ 
fuse  large  NA  launch.    A  straight,  15  cm  length  of  bare  fiber  was  butted  against  the  glass. 
Care  was  taken  not  to  have  index-matching  oil  touch  the  fiber.    Measurements  were  then  takei 
as  usual. 

Results  of  a  MNF  scan  are  shown  in  figure  61.  The  light  in  the  cladding  could  not  b 
increased  to  the  relative  amount  indicated  in  previous  work  [14,41].  Figure  61  does  sho 
however,  the  barrier  layer  at  the  core-cladding  boundary  otherwise  undetectable  with  th 
standard  near-field  method.  Since  the  imaging  objective  had  an  NA  of  0.65,  all  the  ligh; 
out  of  the  fiber  (which  is  ~1.0  NA)  could  not  be  captured. 

6.8  Two-Dimensional  Contouring 

Isointensity  contour  maps  were  made  for  seven  50  ym  core  graded-index  fibers  and  fi\ 
large-cOre  short-haul  fibers.  Of  the  seven  graded  fibers,  fiber  6  was  extraordinarily  rour 
while  fiber  10  was  extremely  elliptical.  The  algorithm  and  system  performed  well  und( 
these  two  diverse  situations.  In  addition,  the  algorithm/system's  ability  to  contour  shorl 
haul  fibers  is  shown. 
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Figure  55.    TNF  profile  for  fiber  #1  with 
profile;  a  plot  of  the  residues 


(b) 

superimposed  least  squares  fit  to  a  power  law 
is  also  shown. 
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Figure   56.    TNF  profile  for  fiber  #2  with 
profile;  a  plot  of  the  residues 


(b) 

superimposed  least  squares  fit  to  a  power  1 
is  also  shown. 
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Figure   57.    TNF  profile  for  fiber  #4  with   superimposed  least   squares   fit  to  a  power  law 
profile;  a  plot  of  the  residues  is  also  shown. 
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(b) 

Figure   58.    TNF  profile   for   fiber   #4   rotated   90°   from  figure  57  with  superimposed  leas 
squares  fit  to  a  power  law  profile;  a  plot  of  the  residues  is  also  shown. 
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Figure  59.    TNF  profile  for  fiber  #5  with  superimposed  least  squares  fit  to  a  power  law 
profile;  a  plot  of  the  residues  is  also  shown. 
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Figure  60.    TNF  profile  for  fiber  #6  with  superimposed  least  squares  fit  to  a  power  la 
profile;  a  plot  of  the  residues  is  also  shown. 
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Figure  61.  Results  of  an  attempt  to  implement  the  MNF  method.  Although  there  wasn't  as 
much  cladding  light  as  expected,  the  scan  clearly  shows  the  low  index  barrier 
layer  at  the  core-cladding  interface. 

The  i so-i ntensity  maps  for  the  graded-index  fibers  are  shown  in  figures  62  through 
68.  The  tolerance  fields  are  1.7  pm,  2.8  pm,  1.4  pm,  2.0  pm,  1.6  pm,  and  0.9  pm  for  figures 
62  through  67,  respectively,  and  9.5  pm  for  figure  68.    The  ellipticity  e  is  defined  as 

e  -  /l  -  b2/a2,  (38) 

where  a  is  the  radius  of  the  major  axis  and  b  is  the  radius  of  the  minor  axis.  The  el  1 i pti - 
cities  of  these  fibers  are  0.  36,  0.47,  0.  32,  0.  38,  0.  33,  0.26,  and  0.77,  respectively.  Note 
that  the  most  circular  fiber  is  given  in  figure  67  while  the  most  elliptical  is  figure  68. 
The  central  extremum  locations  in  cartesian  coordinates  whose  origin  is  the  center  of  the 
concentric  circles  (cross-hair)  are  (0.04  pm,  0.13  pm),  (-0.40  pm,  0.31  pm),  (0.00  pm, 
0.22  pm),  (0.40  pm,  -0.48  pm),  (0.40  pm,  -1.36  pm),  (0.04  pm,  -0.40  pm),  and  (0.48  pm, 
0.04  pm),  respectively. 

The  short-haul  fibers'  contours  are  shown  in  figures  69  through  73.  Unlike  the  over- 
filled launch  used  in  measuring  the  core  diameter  of  graded-index  fibers,  the  measurements 
were  made  with  a  restricted  launch  condition.  Since  the  short-haul  fiber  cores  have  step  or 
quasi -step  index  distributions,  leaky  mode  "ears"  appear  when  the  input  is  illuminated  by  a 
large  NA  source.     Therefore,  the  launch  NA  was  reduced  to  0.24  to  produce  patterns  without 
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Figure  62.    Iso-i ntensity  map  of  fiber  #1.      Its  tolerance  field,   (Dmax  -  Dmi-n)/2  =  1.7  pm 
and  ellipticity  e  =  0. 36. 


Figure  63.    Iso-intensity  map  of  fiber  #2.      Its  tolerance  field,  (Dmax 
and  ellipticity  e  =  0.47. 
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Figure  64.    Iso-i intensity  map  of  fiber  #3.      Its  tolerance  field,   (Dmax  -  Dmin)/<?  =  1.4  um 
and  ellipticity  e  =  0.32. 
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Figure  65.    Iso-intensity  map  of  fiber  #4.      Its  tolerance  field,   (Dmax  -  Dmin)/2  =  2.0  ym 
and  ellipticity  e  =  0.38. 
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Figure  66.    Iso-intensity  map  of  fiber  #5.      Its  tolerance  field,   (Dmax  -  Dmin)/2  =  1.6 
and  ellipticity  e  =  0.33. 
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Figure   67.    Iso-intensity  map  of  fiber  #6.      Its  tolerance  field,    (D       -  Dmin)/2  =  0.9 
and  ellipticity  e  =  0.26. 


164 


Figure  68.    Iso-intensity  map  of  fiber  #10.     Its  tolerance  field,  (D 
and  ellipticity  e  =  0.77. 


max 


Dmin)/2  =  9.5  ym 


Figure  69.    Iso-intensity  map  of  fiber  FAT1.     Its  tolerance  field,  (Dmax  -  Dmin)/2  =  1.5  um 
and  ellipticity  e  =  0.24. 
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Figure  70.    Iso-i ntensi ty  map  of  fiber  FAT2.     Its  tolerance  field,  (Dmax  -  Dm^n)/2  =  2.3  ym 
and  ellipticity  e  =  0.30. 


Figure  71.    Iso-intensity  map  of  fiber  FAT 3.     Its  tolerance  field,  (Dmax  -  Dmin)/2  =  1.6  pn 
and  ellipticity  e  =  0.24. 
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re  72.    Iso-intensity  map  of  fiber  FAT4.     Its  tolerance  field,  (Dmax  -  Dmin)/2  =  1«7  ym 
and  ellipticity  e  =  0.26. 


igure  73.    Iso-intensity  map  of  fiber  FAT5.     Its  tolerance  field,  (Dmax  -  Dmin)/2  =  1.2  pm 
and  ellipticity  e  *  0.22. 
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the  leaky  mode  "ears."  The  patterns  are  then  representative  of  the  actual  index  distribu- 
tion. The  ellipticities  of  fibers  FAT1  through  FAT5  are  0.24,  0.30,  0.24,  0.26,  and  0.22, 
respectively.  The  tolerance  fields  for  FAT1  through  FAT5  are  1.5  ym,  2.3  ym,  1.6  ym, 
1.7  ym,  and  1.2  ym.  The  central  extremum  locations  relative  to  the  crosshairs  are 
(-0.13  ym,  -0.13  ym),  (-0.48  ym,  0.31  ym) ,  -0.31  ym,  0.11  ym),  (1.01  ym,  2.24  ym) ,  and 
(-0.31  ym,  0.03  ym). 

The  data  indicate  that  the  tolerance  field  of  large  core  fibers  is  approximately  the 
same  as  that  of  the  50  ym  graded-index  fibers.  However,  the  large-core  fibers  have  smaller 
ellipticities  because  the  tolerance  fields  are  a  smaller  percentage  of  the  total  core  diam- 
eter. 

The  use  of  this  type  of  contouring  system  could  prove  useful  not  only  in  the  quality 
assurance  environment  but  in  the  design  or  use  of  connectors  and  terminals.  It  is  also  an 
aid  in  the  study  of  the  effects  of  geometric  perturbations  in  the  transmission  properties  of 
fibers.  Of  particular  interest  is  the  effect  of  core  nonci rcularity  on  leaky  modes  for 
fibers  with  near-parabolic  profiles. 

It  can  be  shown  theoretically  that  leaky  modes  attenuate  much  more  rapidly  if  the  core 
is  noncircular.  For  near-parabolic  telecommunciatons  fibers,  the  smallest  el  1 i  pti  city 
observed  was  0.26.  According  to  theory,  the  leaky  modes  attenuate  very  rapidly  for  this 
large  an  ellipticity.  Therefore,  for  a  2  m  length,  leaky  mode  correction  factors  should  not 
be  necessary. 

7.     EXPERIMENTAL  RESULTS  ROM  NEAR-FIELD  MEASUREMENTS  ON  SINGLE-MODE  FIBERS 

7.1  Spot  Size 

The  near-field  system  as  previously  described  can  also  be  used  to  measure  single-mode 
fibers.  This  however  requires  some  sacrifice  in  signal-to-noise  ratio.  Figures  74,  75,  and 
76  show  single-mode  fiber  near-field  radiation  patterns.  Fundamental  mode  shapes  are  nearly 
Gaussian  and  show  little  resemblance  to  the  index  profile.  Spot  size  is  usually  defined 
from  some  point  on  the  curve.  Standards  groups  have  yet  to  decide  on  a  spot  size  defini- 
tion.   The  definition  may  well  involve  points  on  a  "best"  fit  Gaussian  curve. 

7.2  Cutoff  Wavelength  via  Spot  Size 

Cutoff  wavelength  may  be  determined  by  measuring  spot  size  as  a  function  of  wavelengtl| 
[42].  Near  the  cutoff  wavelength  the  spot  size  is  a  minimum.  Figure  77  shows  single  modi 
fiber  spot  size  (i.e.,  diameter)  as  a  function  of  wavelength.  Different  wavelengths  wen 
obtained  by  changing  the  interference  filter.  For  these  measurements  the  filter  transmis 
sion  widths  were  approximately  80  nm.  In  practice,  however,  narrower  linewidths  would  b 
used  to  achieve  better  resolution.  The  minimum  is  readily  apparent  and  figure  77  represent 
in  principle  the  technique. 
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Figure  74.    Single-mode  fiber  near-field  pattern,  fiber  SMA. 
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Figure  75.    Single-mode  fiber  near-field  pattern,  fiber  SMB. 
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Figure  76.    Single-mode  fiber  near-field  pattern,  fiber  SMC. 


Figure  77.    Graph  of  single-mode  fiber  spot  size  as  a  function  of  wavelength.     The  cutoff 
wavelength  for  the  fiber  is  around  600  nm. 
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(b) 

igure  78.  (a)  Near-field  profile  of  a  single-mode  fiber  at  600  nm.  The  fiber  is 
propagating  a  single  mode.  (b)  Near-field  profile  of  the  same  fiber  at 
500  nm.  There  is  significant  second  order  mode  power  present.  Therefore  the 
cutoff  wavelength  for  this  fiber  is  between  500  and  600  nm. 
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7.3  Cutoff  Wavelength  via  Near-Field  Dip 

The  cutoff  wavelength  of  the  second  order  mode  may  also  be  determined  by  observing  the 
shape  of  the  near-field  pattern  [20].  Figure  78  shows  the  near-field  pattern  from  a  fiber 
at  two  wavelengths  on  either  side  of  cutoff.  Near-field  profile  (a)  is  at  a  wavelength 
slightly  longer  than  cutoff,  and  is  the  characteristic  Gaussian  shape.  Near-field  profile 
(b)  is  at  a  wavelength  slightly  less  than  cutoff  and  significant  second  order  mode  power  is 
present  to  give  an  on-axis  depression.  The  cutoff  wavelength  for  this  fiber  would  be  be- 
tween 500  and  600  nm.  Curves  (a)  and  (b)  were  obtained  using  two  different  interference 
filters.  In  practice,  the  source  would  be  continuously  variable,  for  example  a  monochro- 
meter.  Cutoff  could  then  be  defined  as  the  wavelength  where  the  depression  just  begins  to 
appear.  This  method  of  determining  cutoff  can  be  made  rapidly  if  the  detector  is  a  quanti- 
tative vidicon  or  array  to  display  the  two  dimensional  profile  in  real  time. 

7.4  Estimating  Index  Profiles  of  1.3  pm  Single  Mode  Fibers 

by  Blue  Near-Field  Measurementst* 
Single  mode  fibers  can  be  characterized  with  different  parameters  and  measurement  tech- 
niques.    In  quality  control,  manufacturers  frequently  measure  attenuation,  spot  size,  cut- 
off wavelength,  and  minimum  dispersion  wavelength.  The  role  of  fiber  index  profile  measure- 
ments  in   quality  control    is  not  yet  clear.      The  most   generally  accepted  index-profiling 
technique  for  single  mode  fibers  is  the  refracted  ray  method  sometimes  referred  to  as  the 
RNF  (refracted  near-field)  [43,44,45,46].     While  RNF  yields  high  resolution  with  good  accur- 
acy,  it   is  susceptible  to  contamination  and  requires  a  sophisticated  apparatus  with  sub-  I 
micrometer  positioning  accuracy.     In  the  case  of  50  pm  core  diameter  multimode  fibers,  the  I 
TNF  method  (transmitted  near-field)  gives  an  acceptable  measure  of  the  index  profile  and  is 
used  by  many  manufacturers  to  measure  core  diameter.     This  section  investigates  the  feasi- 
bility of  using  TNF  methods  to  determine  the  index  profile  of  singlemode  fibers  designed  for 
1.3  pm.     While  TNF  methods  cannot  achieve  the  resolution  of  RNF,  they  could  be  useful  in 
some  applications  especially  if  high  resolution  index  profiles  are  not  routinely  needed. 

Early  work  by  Sladen  et  al.  showed  that,  for  equal  mode  excitation  (Lambertian  source) J 
on  short  lengths  of  multimode  fiber,  the  TNF  closely  resembles  the  refractive  index  profile  tj 
[2],     A  large  number  of  fiber  modes  are  required  to  replicate  an  index  profile  with  high 
resolution  [23].     This  means  the  measurements  must  be  made  at  a  sufficiently  high  value  of1 
the  normalized  frequency,  V  [47]. 

The  effect  of  V  value  on  near-field  profiles  was  investigated  theoretically  by  solvingj 
numerically  the  scalar  wave  equation  to  give  the  waveguide  modes  for  commonly  encountered 
index  profiles  [48].     The  near-field  intensity  is  then  calculated  by  summing  the  intensities] 
of  all   bound  modes  allowed  for  a  given  value  of  V.     Assumptions  in  the  calculation  include1 

tRNF  measurements  for  this  study  were  contributed  by  M.  Young  of  NBS. 

theoretical  TNF  profiles  were  contributed  by  P.  M.  Rodhe,  an  NBS  guest  worker  on  leave  from 
Sieverts  Kabelverk,  Sundyberg  Sweden. 
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Figure  79.    Model  of  a  typical  index  profile  exhibiting  tapered 
core-clad  boundary  and  a  deep  on-axis  dip. 

equal  mode  excitation,  an  unpolarized  nearly  incoherent  source,  and  a  weakly  guiding 
approximation  to  the  scalar  wave  equation.  Many  single  mode  fibers  have  step-like  cores 
with  a  deep  on-axis  index  depression.  A  model  for  this  type  of  profile  is  given  in  figure 
79.  Here  the  on-axis  dip  goes  completely  to  the  cladding  and  recovers  linearly  to  a  step  at 
0.25  R,  where  R  is  the  core  radius.  Instead  of  an  abrupt  core-cladding  boundary,  the  pro- 
file starts  to  taper  linearly  to  the  cladding  at  0.75  R.  Calculated  near-field  intensities 
for  this  profile  are  given  in  figures  80(a)  and  80(b)  for  V  values  of  2,  2.79,  8,  and  40. 
When  V  equals  2,  the  fiber  supports  only  a  single  mode,  and  the  near  field  is  Gaussian 
shaped  with  significant  power  propagating  in  the  cladding.  Two  modes  are  present  when  V 
equals  2.79,  and  the  near-field  intensity  exhibits  an  on-axis  dip  characteristic  of  the 
radial  variation  of  the  second  order  mode.  With  higher  V,  the  near-field  intensity  begins 
to  approach  the  index  profile.  When  V  equals  8,  there  is  still  significant  mode  ripple 
while  at  a  V  of  40  the  near-field  intensity  is  almost  exactly  the  index  profile.  Mode 
ripple  can  be  reduced  somewhat  by  using  a  broad  linewidth  source  which  tends  to  average  the 
fluctuations  [23],  Near-field  intensities  in  figure  80  were  calculated  assuming  a  single 
frequency  source. 

Telecommunication  fibers  that  are  single  mode  at  1.3  pm  have  cut-off  wavelengths  near 
1.2  ym  where  V  is  approximately  2.4  (step-index  fiber).  With  blue  light  (0.4  to  0.45  ym), 
measurements  at  a  V  of  7  are  possible.     It  would  not  be  advisable  to  increase  V  appreciably 
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Figure  80a.  Near-field  radiation  pattern  for  index  profile  of  figure  1  at  V  =  2  (top)  where 
there  is  a  single  mode,  and  at  V  =  2.79  (bottom)  where  there  are  two  modes. 
Cutoff  occurs  at  V  =  2.76. 
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Figure  80b.  Near-field  radiation  pattern  for  index  profile  of  figure  1  at  V  -  8  (top)  and 
V  =  40  (bottom).    Dotted  line  is  the  actual  index  profile. 
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by  a  further  decrease  in  wavelength  since  germania  silicate  has  absorption  bands  in  the 
ultraviolet  [49].  Near  an  absorption  peak  the  index  exhibits  high  dispersion,  and  profile 
shapes  would  be  expected  to  change.  To  investigate  the  magnitude  of  this  effect,  measure- 
ments were  made  on  50  ym  core,  0.2  NA  (numerical  aperture)  multimode  fibers  at  wavelengths 
of  0.45  and  0.85  ym.  Over  this  wavelength  range  the  near-field  profiles  were  similar.  As 
an  example,  for  one  fiber,  the  full  widths  at  half  maximum  differed  by  only  3  percent. 

Experimental  TNF  profiles  for  the  1.3  ym  single  mode  fibers  were  obtained  using  a 
tungsten  halogen  source  and  optics  to  project  a  100  ym  diameter  spot  on  the  input  fiber  end. 
A  broadband  interference  filter  centered  at  0.45  ym  with  a  linewidth  of  0.07  ym  determined 
the  source  spectral  characteristics.  The  output  end  of  the  typical  2  m  long  fiber  sample 
was  imaged  by  a  40x,  0.65  NA  microscope  objective.  A  silicon  detector  with  a  30  ym  diameter 
pinhole  was  used  to  scan  the  image.  Referred  to  the  fiber  end  face,  the  pinhole  is  equiva- 
lent to  a  0.75  ym  diameter  collecting  aperture.  The  pinhole-detector  was  scanned  using  a 
computer  controlled  stepper-motor  translator  to  take  data  points  every  0.1  ym  as  referred  to 
the  fiber  end  face.  Dimensional  calibration  of  the  scan  at  0.45  ym  was  accomplished  using  a 
previously  described  calibration  reticle  [50], 

Near-field  patterns  can  be  influenced  by  contributions  from  leaky  modes  [2].  These 
contributions  cause  the  near-field  intensity  to  deviate  from  the  actual  index  profile.  In 
practice,  it  is  not  necessary  to  apply  corrections  to  near-parabolic  profile  fibers  [50,9]; 
however,  for  step  index  fibers  the  corrections  can  be  significant.  Fortunately  for  pure 
step  index  fibers,  the  leaky  modes  can  be  eliminated  by  launching  with  a  NA  which  is  close 
to  that  of  the  fiber.  TNFs  at  0.45  ym  were  obtained  at  launch  NAs  of  0.36  and  0.14  for  the 
single  mode  fibers  used  in  this  study  and  little  difference  was  observed  in  the  profiles. 
Moreover,  most  of  the  near-field  profiles  did  not  exhibit  the  characteristic  leaky  mode 
"ears"  observed  for  step  index  fibers.  We  therefore  conclude  that  leaky  modes  are  not  a 
significant  problem  at  least  in  the  fibers  tested. 

TNF  profiles  were  measured  at  a  wavelength  of  0.45  ym  for  six  1.3-ym  single-mode 
fibers.  Figures  81  and  82  give  profiles  at  wavelengths  of  1.0  and  0.45  ym  for  fibers  SMI 
and  SM2,  respectively.  These  results  are  in  qualitative  agreement  with  the  theoretical 
trend  predicted  in  figure  80.  At  1.0  ym  there  are  only  a  few  modes  and  appreciable  power 
extends  into  the  cladding.  The  contribution  from  the  second  order  mode  results  in  a  smooth 
central  depression.  At  0.45  ym  there  are  approximately  25  modes  (V2/2),  and  the  near-field 
power  is  more  confined  to  the  core.  In  the  case  of  fiber  SM2  the  on-axis  dip  is  narrower 
and  deeper. 

The  most  interesting  results  are  the  comparisons  of  TNF  profiles  to  the  actual  index 
profiles  as  determined  by  RNF.  These  comparisons  are  given  for  four  of  the  fibers  in 
figures  83  through  86  and  are  representative  of  the  six  fibers  measured.     The  height  to 
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Figure   81.   Near-field    radiation   pattern,    fiber   SMI,   at   0.45  ym  and   1.0  pm  showing  the 
effect  of  increased  V. 
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Figure    82.   Near-field    radiation    pattern,    fiber   SM2,    at   0.45  ym  and    1.0  pm   showing  th( 
effect  of  increased  V. 
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Figure  83.    Comparison  of  0.45  ym  TNF  and  RNF,  fiber  SMI. 
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Table  9.     15  percent  core  diameters,  pm. 


Fiber 

RNF 

TNF 

RNF-TNF 

1 

9.  2 

8.4 

+0.  8 

2 

9. 6 

9. 2 

+0. 4 

3 

9. 6 

9.  3 

+0.  3 

4 

10.4 

9.8 

+0.6 

5 

11.1 

11.2 

-0.1 

6 

9.6 

9.1 

+0.5 

average 

+0.4 

width  ratio  of  a  given  TNF  profile  was  computer  scaled  to  match  the  corresponding  RNF  pro- 
file approximately  so  that  comparisons  of  shape  can  be  more  readily  made.  Actual  dimen- 
sional information  is  given  in  table  9  for  all  six  fibers.  The  RNF  measurements  were  made 
at  0.6328  pm  and  have  a  resolution  of  0.75  pm  with  a  dimensional  accuaracy  of  approximately 
+0. 5  pm. 

Fiber  SMI  has  a  shallow  index  depression  and  the  TNF  predicts  the  same  shape  and  on-axis 
depth  as  the  RNF.  Fiber  SM3  has  a  much  deeper  depression  and  again  the  TNF  and  RNF  give 
about  the  same  on-axis  depth.  The  main  differences  are  the  two  5-percent  depressions  near 
the  peaks  of  the  TNF.  Fiber  SM4  has  a  funnel-shaped  index  depression  which  is  also  predicted 
by  the  TNF,  but  appears  slightly  exaggerated.  Fiber  SM5  is  nearly  a  perfect  step  with  a 
depression  going  almost  to  the  cladding.  The  TNF  does  not  completely  resolve  the  dip  and  10 
percent  depressions  are  apparent  in  the  peaks.  Table  9  compares  the  core  diameters  measured 
by  the  two  methods.  The  comparisons  are  made  at  the  15  percent  levels  because  there  are 
ripples  and  fine  structures  near  the  baseline  in  the  RNFs.  The  RNFs  are  larger  by  0.4  pm  on 
the  average.    This  may  not  be  significant  since  the  RNF  calibration  accuracy  was  ±0.5  pm. 

TNF  profiles  have  less  resolution  than  RNF  and  exhibit  ripple  in  some  cases.  Index  dips 
for  the  RNF  profiles  often  appear  deeper,  core-cladding  boundaries  more  perpendicular,  and 
abrupt  features  more  evident.  However,  the  general  TNF  shapes  are  correct  and  relatively 
insensitive  to  end  preparation,  and  ripple  is  less  than  10  percent  for  all  fibers  tested. 
This  level  of  ripple  is  less  than  theory  predicts,  probably  because  of  broad  source  line- 
width.  Blue-ultraviolet  TNFs  on  1.3  pm  single  mode  fibers  could  be  useful  in  situations 
requiring  experimental  simplicity  and  two  dimensional  information.  With  sensitive  photo- 
multiplier  detectors,  it  would  be  possible  to  scan  cores  in  a  matter  of  seconds.  Also 
vidicons  with  computer  image  acquisition  can  rapidly  obtain  two  dimensional  information  such 
as  core  size,  core  ovality,  and  concentricity. 
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Chapter  4 

Measurement  of  Far-Field  Radiation  Patterns 
from  Optical  Fibers 

E.  M.  Kim 
D.  L.  Franzen 


A  system  is  described  for  measuring  far-field  radiation  patterns  from  optical  fibers. 
Parameters  which  affect  measurement  precision,  accuracy,  resolution,  and  signal-to-noise 
ratio  are  discussed.  Measurements  utilizing  radiation  patterns  are  covered;  this  includes 
radiation  angle  (numerical  aperture),  attenuation  using  mode  filters,  and  mode  volume 
transfer  function.    Experimental  examples  are  given  in  many  instances. 
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1.    INTRODUCTION:    RADIATION  PATTERN  CONSIDERATIONS  IN  OPTICAL  FIBERS 


(This  introduction  is  identical  to  the  one  presented  in  chapter  3.  It  is  repeated  here 
for  completeness.) 

The  radiation  propagating  in  an  optical  fiber  can  take  on  various  spatial  and  angular 
distributions  depending  upon  the  relative  excitation  of  fiber  modes.  Useful  information 
about  the  fiber  can  be  obtained  by  analyzing  the  radiation  exiting  an  end.  This  analysis 
can  take  place  in  either  the  far-  or  near-field  region  of  the  end.  A  far-field  measurement 
determines  the  angular  dependence  of  intensity  (irradiance)  sufficiently  far  from  the  end  of 
the  fiber  (fig.  1);  whereas,  a  near-field  measurement  determines  the  spatial  intensity  dis- 
tribution in  the  plane  of  the  end  face. 

In  the  far-field,  the  normalized,  angular  intensity  distribution  no  longer  depends  on 
distance  from  the  fiber.  While  the  intensity  at  any  given  angular  coordinate  decreases  as 
the  square  of  the  distance  from  the  fiber  end,  the  normalized  pattern  remains  constant.  If 
the  far-field  pattern  is  circularly  symmetric  about  the  fiber  axis,  then  a  single  angular 
coordinate  is  sufficient  to  describe  the  pattern. 

The  far-field,  which  is  synonymous  with  the  Fraunhoffer  diffraction  region,  is  usually 
said  to  start  at  a  distance 

z0=^  (1) 

A. 

from  the  fiber  end,  where  X  is  the  wavelength  of  light  and  a  the  core  radius  [1].  When 
z  »  zQ,  the  amplitude  (electric  field)  distribution  in  the  far-field  is  closely  related  to 
the  spatial  Fourier  transform  of  the  amplitude  distribution  existing  at  z  =  0,  [1].  In 
practice,  far-field  measurements  are  made  at  distances  greater  than  10  zQ  from  the  fiber 
'end.  For  the  standard  graded-index  core  diameter  of  50  urn  and  a  wavelength  of  1  ,  10  zQ 
is  2.5  cm.  For  the  standard  step-index  core  diameter  of  100  pm,  the  distance  becomes  10  cm. 
Both  of  these  lengths  represent  convenient  laboratory  working  distances. 

Radiation  patterns  are  measured  on  either  short  or  long  lengths  of  fiber,  depending 
upon  the  application.  Frequently  the  short  length  is  a  2  m  cutback  length  left  over  from  an 
attenuation  or  bandwidth  measurement.  In  this  chapter,  a  long  length  refers  to  the  entire 
length  of  fiber  under  test  and,  for  telecommunications  fibers,  generally  exceeds  1  km. 

Radiation  patterns  depend  upon  launching  conditions  and  contain  contributions  from  both 
guided  and  tunneling  leaky  modes  of  the  fiber  [2,3].  In  short  lengths,  patterns  result 
mainly  from  guided  modes  with  a  significant  contribution  from  leaky  modes.     The  relative 
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(b)  NEAR  FIELD 

Figure  1.    Radiation  pattern  measurements  from  optical   fibers,   (a)  far  field  is  given  by 
1(9)  at  z>>zQ,  (b)  near  field  is  given  by  I(r)  in  xy  plane. 

importance  of  the  leaky  mode  contribution  depends  upon  the  index  profile  and  launching  con- 
ditions. In  long  lengths,  leaky  modes  have  generally  decayed  and  the  patterns  result  from 
guided  modes  modified  by  differential  mode  attenuation  and  mode  coupling.  Far-  and  near- 
field  patterns  resulting  from  overfilled  launching  conditions  on  graded-index  fibers  gener-  j 
ally  become  restricted  with  further  propagation  along  the  fiber.  This  occurs  because  dif- 
ferential mode  attenuation  is  generally  higher  for  higher  order  modes.  Eventually  an  equi- 
librium is  reached  between  mode  coupling  and  differential  mode  attenuation  to  yield  a  steady 
state  pattern.  However,  steady  state  is  seldom  observed  in  practice  since  mode  coupling 
lengths  in  good  fibers  are  several  kilometers  [4]  if  not  tens  of  kilometers  [5]. 

The  remainder  of  this  section  briefly  discusses  the  measurement  applications  of  far- 
field  patterns.  Various  applications  are  summarized  in  table  1.  For  some  of  these  meas- 
urements, procedures  are  pending  before  standards  groups  [6].  In  general,  more  attention 
has  been  given  to  standardizing  procedures  for  graded-index  fibers  than  for  step-index 
fibers. 
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Table  1,    Measurement  applications  of  radiation  patterns  from  multimode  fibers. 


Appl ication 

Fi  ber 

length 

Radiation 

Launchi  ng 

General 

empl oyed 

pattern 

condition 

comments 

short 

long 

far  near 

(2  m) 

field  field 

1    Radiation  angle 

X 

X 

Overf i 1  led 

Meridional  ly  defined  NA 

approximated  for  near  para- 

bolic graded-index  fibers. 

Special  considerations 

necessary  for  step  index. 

2  Attenuation 

X 

X 

X 

Overf i 1  led 

Used  to  qualify  mode  fil- 

using  restricted 
launch  via  a  mode 
filter 

3    Index  profile 


4    Core  diameter 


5    Mode  volume  X 
transfer  function 


ters;  applies  to  graded- 
index  fibers  over  1  km  in 
length. 

Overfilled    Little  or  no  leaky  mode  cor- 
rection required  for  near 
parabolic  graded-index 
fibers;  large  correction  for 
step  index.    Limited  resolu- 
tion information  on  guiding 
regions  of  fiber  only. 

Overfilled    Possible  uncertainty  due  to 
low  index  "barrier"  layer, 
poor  resolution  near  core- 
cladding  boundary,  is  easy 
to  implement. 

Restricted    Applies  to  graded-index 

fibers;  measurement  system 
must  have  ability  to  control 
launch  mode  volume  and 
therefore  beam  optics  sys- 
tems capable  of  independent- 
ly variable  launch  spot  and 
NA  are  usually  required. 
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2.    MEASUREMENTS  UTILIZING  FAR-FIELD  PATTERNS 

2.1    Radiation  Angle  (Numerical  Aperture) 

The  cone  of  light  rays  accepted  by  a  fiber  is  of  practical  importance.  Launching  effi- 
ciency of  sources  like  LEDs  and  loss  performance  of  joined  sections  of  dissimilar  fiber  de- 
pend upon  this  parameter.  "Radiation  angle"  is  a  measure  of  the  cone  angle  transmitted  by 
the  fiber  [7].  This  measurement  is  usually  made  in  the  far  field  of  a  short,  2  m  length  ex- 
cited at  a  specified  wavelength  using  overfilled  launching  conditions?  i.e.,  constant  irra- 
diance  over  the  core  with  a  launch  angle  greatly  exceeding  the  fiber  acceptance  angle. 

In  early  fiber  work,  the  cone  angle  containing  90  percent  of  the  transmitted  power  was 
determined  by  either  integrating  a  far-field  intensity  pattern  or  by  translating  an  aperture 
in  the  far  field.  The  sine  of  the  half  angle  of  this  cone  was  frequently  termed  "90  percent 
numerical  aperture." 

More  recent  procedures  pending  before  standards  groups  define  radiation  angle  directly 
from  a  far-field  intensity  pattern  [8].  In  this  instance,  radiation  angle  is  defined  as  the 
half  angle  where  the  far-field  intensity  has  decreased  to  5  percent  of  the  peak  value.  The 
sine  of  this  angle,  for  near-parabolic  index  multimode  fibers,  is  close  to  the  index  defined 
numerical  aperture. 

Historically,  the  term  "numerical  aperture"  (NA)  has  been  used  to  describe  the  largest 
angle  meridional  ray  accepted  by  a  fiber,  figure  2,  with 


NA  =  sin  9Q  =  Ai!2  -  n22  (2) 
n!-n2 

=  n!/2A  with  A  «   (3) 

where  m  is  the  core  index  of  refraction,  n2  the  cladding  index,  and  A  is  defined  by  the 
above  equations.  While  figure  2  applies  to  step  fibers,  analysis  shows  that  the  numerical 
aperture  of  graded-index  fibers  is  also  given  by  eq  (2)  with  m  being  the  on-axis  index  of 
refraction  [9]. 


INDEX 


Figure  2.    The  meridional   ray  in  a  step-index  fiber  making  the  maximum  possible  angle,  0p 

with  the  fiber  axis. 
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The  sine  of  the  radiation  angle  based  on  the  5  percent  intensity  points  is  close  to  the 
index  defined  NA  of  eq  (2)  for  near-parabolic  index  fibers.  Theoretical  work  shows  the  ac- 
ceptance angle  of  skew  rays  is  always  less  than  that  of  meridional  rays  in  near-parabolic 
index  fibers  [10].  Adams,  et  al.,  show  that  leaky  modes  in  a  near-parabolic  index  fiber  are 
all  contained  within  the  meridionally  defined  numerical  aperture  [3],  Thus,  when  all  modes 
are  excited,  the  largest  observed  angle  in  a  far-field  pattern  would  be  given  by  8Q  in  eq 
(2).    At  the  5  percent  level,  patterns  are  close  to  the  maximum  observable  angle. 

For  step  fibers,  the  situation  is  quite  different.  Here  the  acceptance  angles  for  skew 
rays  can  exceed  6Q.  When  all  modes  are  excited,  radiation  would  appear  at  angles  greater 
than  9Q.  Thus,  to  obtain  the  numerical  aperture  based  on  eq  (2)  for  short  step-index 
fibers,  special  launching  conditions  would  be  necessary.  This  would  probably  mean  launching 
only  meridional  rays.    This  could  be  accomplished  by  small  spot  excitation  at  core  center. 

2.2  Attenuation  with  Restricted  Launch  Via  a  Mode  Filter 

In  measuring  the  attenuation  of  long  telecommunications  type  fibers,  it  is  useful  to 
launch  with  a  distribution  which  gives  good  concatenation  predictions  [11].  This  is  pre- 
sently accomplished  by  restricting  the  launch  to  avoid  the  excitation  of  certain  high  loss 
modes  which  do  not  propagate  far  in  the  fiber.  In  general,  this  can  be  accomplished  by  one 
of  two  approaches.  The  beam  optics  approach  avoids  the  initial  excitation  of  certain  high 
loss  modes  by  restricting  the  launch  spot  size  and  numerical  aperture  at  the  fiber  input 
end.  (70  percent  of  the  core  diameter  at  70  percent  of  the  fiber  NA  is  the  choice  pending 
before  standards  groups.)  In  the  mode  filter  approach,  the  fiber  is  initially  overfilled 
and  a  mode  filter  is  applied  to  strip  out  certain  high  loss  modes. 

Far-field  radiation  pattern  measurements  on  long  and  short  fiber  lengths  are  used  to 
qualify  a  mode  filter  for  an  attenuation  measurement.  Current  proposals  call  for  overfil- 
ling the  input  of  the  fiber  under  test  in  both  spot  size  and  numerical  aperture,  then  mea- 
suring the  radiation  angle  (5  percent  intensity)  exiting  the  long  length.  An  appropriate 
mode  filter  is  applied  so  the  radiation  angle  exiting  a  2  m  length  is  less  than  that  of  the 
long  length  by  3  +  3  percent.  Now  the  mode  filter  has  stripped  away  enough  of  the  high 
angle-high  loss  modes  to  simulate,  in  a  2  m  cutback  length,  the  radiation  pattern  resulting 
from  a  kilometer  or  more  of  propagation.  Common  mode  filters  include  dummy  fibers  and 
mandrel  wraps  [12],  [13], 

2.3  Mode  Volume  Transfer  Function--A  Measurement  Utilizing  Both 

Far-  and  Near-Field  Patterns 

Holmes,  et  al . ,  have  introduced  a  concept  describing  the  effect  of  propagation  on  spa- 
tial and  angular  intensity  distributions  in  graded-index  fibers  [4].  They  define  an  "EMV" 
(effective  mode  volume)  based  on  far-  and  near-field  intensity  distributions.  Specifically, 
the  EMV  at  a  given  point  along  the  fiber  is  the  square  of  the  product  of  the  FWHM  (full 
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width  at  half  maximum)  of  the  near  field  and  the  sine  of  the  HWHM  (half  width  at  half  maxi- 
mum) of  the  far  field. 

EMV  is  related  to  the  number  of  modes  excited  in  the  fiber.  This  can  be  intuitively 
seen  when  applied  to  the  expression  for  the  total  number  of  guided  modes,  N,  in  a  fully 
excited  graded-index  fiber  having  a  power  law  profile  a  [9], 

N=^-   L  \  (5) 

2+a  X 

where  a  is  the  core  radius,  X  the  wavelength,  and  other  terms  have  been  previously  defined. 
After  arranging  terms, 

N  --2-    (— )  C(NA)  •  a]2  (6) 
2+a  X2 

-  —  (— )  •  EMV.  (7) 

2+a  X2 

Of  interest  is  the  EMV  transfer  characteristic  for  a  fiber.    This  describes  how  various 
EMVs  propagate  in  the  fiber  and  is  a  plot  of  output  EMV  versus  input  EMV.     By  controlling  j 
launch  spot  and  NA,  various  input  EMVs  can  be  generated.     Input  EMVs  are  determined  from 
radiation  patterns  exiting  a  2  m  length  at  the  input.     The  corresponding  output  EMVs  are 
obtained  from  radiation  patterns  exiting  the  long  length. 

The  EMV  transfer  characteristic  gives  information  on  mode  coupling,  differential  mode 
attenuation,  and  quasi-steady  state  EMV.  A  fiber  without  mode  coupling  or  differential  mode 
attenuation  appears  as  a  45°  line  on  the  transfer  characteristic  plot;  i.e.,  the  output  EMV 
is  equal  to  the  input  EMV. 

A  principle  use  of  the  EMV  concept  is  in  the  prediction  of  concatenation.  EMV  transfer 
characteristics  and  attenuation  versus  EMV  for  all  the  fibers  in  the  link  allows  one  to  pre- 
dict accurately  the  concatenated  attenuation  for  any  input  EMV  [4], 

3.    DESCRIPTION  OF  FAR-FIELD  MEASUREMENT  SYSTEM 

3.1  Source 

The  radiation  source  and  launch  optics  are  identical  to  the  ones  used  in  the  near-field 
system.    A  detailed  description  is  presented  in  chapter  3,  section  4. 

3.2  Detector 

The  far  field  may  be  scanned  by  a  number  of  different  techniques:  (1)  fixed  fiber  end, 
rotating  detector,  (2)  fixed  detector,  rotating  fiber  end,  (3)  fixed  fiber  end,  fixed  detec- 
tor, rotating  mirror,  and  (4)  fixed  fiber  end,  detector  array. 
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The  system  described  in  this  chapter  uses  a  fixed  fiber  end  and  a  rotating  detector 
(fig.  3).    This  approach  represents  perhaps  the  simplest  construction  of  available  choices. 

The  fiber  first  passes  through  a  cladding  mode  stripper  consisting  of  two  10  cm  long 
felt  pads  wetted  with  index  matching  fluid.  Buffer  coatings  are  removed  from  the  fiber 
where  it  contacts  the  mode  stripper.  Near-field  scans  show  this  type  of  mode  stripper 
effectively  removes  light  from  the  cladding. 

A  vee  groove  positions  the  fiber  so  the  end  is  coincident  with  the  axis  of  rotation. 
Some  measurements,  especially  near  fields,  are  affected  by  the  amount  of  force  used  to  hold 
the  fiber  in  the  vee  groove.  These  distortion  effects  are  eliminated  when  a  small,  felt 
padded  weight  holds  the  fiber  in  the  groove.  Before  making  a  measurement,  the  fiber  end  is 
visually  inspected  for  flatness  and  perpendicularity.  The  vee  groove  position  can  be 
slightly  adjusted  by  a  two  dimensional  translation  stage  to  assure  that  the  detector  scan 
passes  through  the  maximum  intensity  part  of  the  pattern. 

Scanning  is  accomplished  with  a  stepper  motor  controlled  rotary  table  which  swings  the 
detector  through  a  12  cm  radius  arc.  At  this  distance  the  far-field  criteria  is  satisfied 
for  core  diameters  of  100  urn  or  less.  Angular  motion  (V2  arc  min.  per  step)  is  fine  enough 
to  give  smooth  far-field  curves. 

Detector  aperture  size  is  chosen  with  a  trade-off  between  resolution  and  signal-to- 
noise  ratio.    Presently,  a  0.8  mm  diameter  aperture  is  used  giving  a  resolution  of  0.38°. 


Figure  3.    Far-field  measurement  system  using  a  fixed  fiber  end  and  a  rotating  detector. 
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Reducing  aperture  size  to  improve  resolution,  and  hence  accuracy,  would  not  be  impor- 
tant for  most  measurements  which  are  relative  comparisons  (Table  1).  Radiation  angle  (NA) 
is  the  only  far-field  measurement  which  is  absolute.  A  simple  one-dimensional  model  based 
on  a  parabolic  shaped  far-field  pattern  with  an  NA  of  0.2  predicts  an  error  of  1.6  percent 
in  the  determination  of  radiation  angle  when  the  curve  is  acquired  with  0.38°  resolution. 
Measurement  precision  for  determining  radiation  angle  is  in  the  range  of  1  to  2  percent  when 
a  new  output  end  is  prepared  and  realigned  (Sect.  4.1);  therefore,,  a  significant  reduction 
in  aperture  size  would  not  result  in  much  improvement.  v 

A  silicon  PIN  diode  operating  in  the  photovoltaic  mode  is  used  as  the  detector  [14]. 
This  detector  with  an  active  area  of  5.1  mm^  has  a  built-in  operational  amplifier  and  is 
mounted  directly  behind  the  aperture.  To  improve  signal-to-noise  ratio,  a  time  constant  of 
0.4  s  is  used  on  the  lock-in  amplifier.  The  scanning  rate  is  chosen  so  a  resolution  element 
(0.38°)  is  scanned  in  approximately  three  time  constants.  At  this  rate  a  fiber  far-field 
pattern  is  obtained  in  three  to  four  minutes. 

Data  may  be  acquired  by  several  methods.     For  most  applications,  a  good,  wide  paper 

(II 

strip  chart  recorder  is  adequate.  However,  a  digital  acquisition  system  may  be  necessary  to 
perform  numerical  analysis  on  the  data.  In  that  case,  the  computer  data  acquisition  system 
used  for  the  near-field  measurements  is  used.  A  description  of  this  system  is  given  in 
chapter  3,  section  4.  |t 

4.    PERFORMANCE  OF  FAR-FIELD  SYSTEM 

4.1  Precision 

Precision  is  a  statement  of  measurement  repeatability.  It  says  nothing  about  a  "sys-if 
tematic"  error  which  is  the  offset  of  the  average  of  a  large  number  of  neasurements  from  the  i 
true  value.  Best  precision  is  obtained  when  a  measurement  is  repeated  without  disturbing 
any  parameter.  A  typical  example  of  this  precision  is  given  in  figure  4.  Here  a  far-field 
measurement  was  repeated  seven  times  on  graded-index  fiber  A  using  overfilled  launching  con- 
ditions at  a  wavelength  of  860  nm.  Standard  deviations  for  determining  the  full  widths  at 
the  80,  50,  20,  10,  and  5  percent  intensity  points  are  shown.  Error  bars  represent  +  one 
standard  deviation  (2  standard  deviations  in  length)  and  are  given  as  a  percentage  of  the 
full  width  at  that  particular  point.  A  typical  value  is  in  the  0.5  percent  range.  It 
should  be  noted  that  the  width  of  an  ink  line  is  approximately  0.3  percent  of  the  curve  FWHM 
and  therefore  represents  a  limitation  in  determining  actual  precision.  The  main  conclusion 
drawn  from  figure  4  is  that  the  system  has  no  appreciable  dc  drift  problems. 

For  many  measurements,  the  above  precision  is  not  applicable.     In  practice,  new  ends j 
must  be  prepared  and  the  system  aligned.     To  determine  this  precision,  far-field  measure- J 
ments  were  repeated  seven  times,  for  each  measurement  a  new  output  end  was  prepared  and  the 
system  slightly  realigned  to  the  maximum  intensity  point.    Three  different  fibers  represent- 
ing two  different  manufacturers  were  measured,  figures  5  and  6  [15].     Standard  deviations 

i 
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ANGLE.  DEGREES 


Figure  4.  Far-field  measurement  precision  when  no  parameters  are  changed.  Fiber  A,  graded 
index,  1.1  km  length,  5  dB/km,  0.23  NA,  860  nm;  +  one  standard  deviation 
indicated  along  ordinate  at  0.8,  0.5,  0.2,  0.1,  and  0.05  of  maximum  as  a  per- 
centage of  full  angular  width  at  that  point. 


Figure  5.  Far-field  measurement  precision  with  recleaved  output  end  and  realignment  for 
each  measurement.  Graded-index  fiber  A;  +  one  standard  deviation  indicated  along 
ordinate  at  0.8,  0.5,  0.2,  0.1  and  0.05  of  maximum. 
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ANGLE,  DEGREES 


Figure  6.  Far-field  measurement  precision  with  recleaved  output  end  and  realignment  for 
each  measurement.  Fiber  C,  step  index,  1.2  km  length,  6  dB/km,  860  nm;  +  one 
standard  deviation  indicated  along  ordinate  at  0.8,  0.5,  0.2,  0.1,  and  0.05  of 
maximum. 

for  graded-index  fiber  B  (not  shown)  were  about  1  percent  on  lower  parts  of  the  curve.  For 
graded-index  fiber  A  the  corresponding  values  are  a  little  higher--in  the  1  to  2  percent 
range.  Fiber  C,  with  a  step  index,  has  a  much  flatter  top  in  general  agreement  with  theory 
[16].  Here  the  precision  is  also  in  the  1  to  2  percent  range.  From  these  tests,  a  preci- 
sion of  1  to  2  percent  is  indicated  for  a  radiation  angle  measurement. 

c 

4.2  Accuracy 

Accuracy  is  determined  by  the  absolute  value  of  the  angular  calibration  factor,  angular 
resolution,  and  system  linearity.  The  angular  calibration  factor  was  determined  by  reflect- 
ing a  low  divergence  He-Ne  laser  beam  off  a  mirror  attached  to  the  rotary  table  and  onto  the 
laboratory  wall.  The  table  was  rotated  through  360°  and  the  beam  returned,  within  the 
nearest  step,  to  the  original  position.  This  procedure  determines  the  angular  rotation  per 
step  more  accurately  than  is  practically  needed. 

As  previously  mentioned,  the  finite  angular  resolution  introduces  an  error  when  deter- 
mining the  radiation  angle.    This  error  is  estimated  to  be  less  than  1.6  percent. 

\ 

Detector  non-linearity  could  affect  the  shape  of  the  measured  pattern.  A  calibrated 
neutral  density  filter  was  used  to  confirm  detector  linearity  up  to  the  highest  power  levels 
used  with  the  system. 
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Figure  7.    (A)  Far  field  from  graded-index  fiber  having  a  loss  of  5  dB;  (B)  same  as  (A)  but 
with  source  attenuated  by  17  dB,  signal-to-noise  ratio  of  (B)  is  12  dB. 

4.3    Dynamic  Range 

Signal-to-noise  ratio  was  determined  by  attenuating  the  source  until   the  noise  level 
was  observed.    Figure  7a  shows  the  far  field  from  a  fiber  having  a  loss  of  5  dB  when  excited 
with  overfilled  launch  conditions.     In  figure  7b,  the  source  is  attenuated  by  approximately 
;  17  dB  to  display  the  noise  level.    Also  shown  is  the  noise  level  on  the  baseline  and  at  the 
peak  value;  in  both  cases  the  noise  is  about  4  |iV  peak-to-peak.    Signal-to-noise  ratio  for  a 

I 

short  length  of  fiber,  having  negligible  attenuation,  is  34  dB  at  860  nm  using  an  80  nm 
bandpass  interference  filter,  overfilled  launching  conditions,  and  a  time  constant  of  0.4  s 
on  the  lock-in  amplifier.  In  figure  7b  the  signal-to-noise  ratio  is  12  dB  and  represents 
the  lowest  level  for  making  a  reasonable  measurement.  Based  on  this  criteria,  the  system 
has  a  dynamic  range  of  22  dB.  There  are  measurements,  especially  with  very  restricted 
launching  conditions,  where  more  signal-to-noise  would  be  desirable.  The  easiest  way  to 
increase  signal  is  to  increase  source  linewidth.  For  some  measurements  this  may  be  accept- 
able. An  additional  7  dB  improvement  in  signal  can  be  obtained  by  replacing  the  broadband 
interference  filter  with  a  long  pass  filter  having  a  cut-on  wavelength  of  0.78  \sn.  In  this 
case  the  long  wavelength  cutoff,  1.1  \m,  is  determined  by  the  spectral  response  of  the  sili- 
con detector. 
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Figure  8.  Examples  of  graded-index  fibers  with  high  and  low  radiation  angles  (5  percent 
intensity  width).  NA's  of  0.16  and  0.23  are  obtained  from  curves  (A)  and  (B) 
respectively. 

5.    TYPICAL  RESULTS  FROM  FAR-FIELD  MEASUREMENTS 

5.1    Radiation  Angle  (Numerical  Aperture) 

Radiation  angle  was  determined  for  a  number  of  commercially  available  multimode  fibers. 
Measurement  precision  was  consistent  with  the  results  of  section  3.1.  Figure  8a  is  a  typi- 
cal result  from  a  graded-index  fiber  with  a  rather  low  NA  of  0.16;  while  figure  8b  shows  a 
fiber  with  a  rather  high  NA  of  0.23.  Results  of  figure  8  were  obtained  using  overfilled 
launching  conditions  on  a  2  m  length  of  fiber.  In  almost  all  cases,  far-field  patterns  from 
commercial  graded-index  fibers  have  been  smooth,  bell  shaped,  and  exhibit  a  single  central 
maximum. 

Differences  in  radiation  angle  for  two  lengths  of  the  same  fiber  with  identical  launch  j 
conditions  is  shown  in  figure  9.     Note  that  the  radiation  angle  for  the  1  km  length  is 
smaller  than  that  of  the  2  m  length.    This  is  due  to  the  attenuation  of  higher  order  (large 
angle)  modes.    These  measurements  were  made  with  the  computer  data  acquisition  system. 
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Figure  9.    Measurement  of  the  far-field  pattern  for  1  km  and  2  m  lengths  of 
the  same  fiber.    The  computer  data  acquisition  system  was  used. 
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Figure  10.  One  type  of  mode  filter  consisting  of  a  series  of  serpentine,  macroscopic 
bends.  Moveable  posts  can  be  translated  into  alignment  with  fixed  adjacent 
posts. 


*—      WITHOUT  MODE  FILTER 
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Figure   11.    Effect   of  mode   filter   on   2  m  length   of   graded-index   fiber.      Solid  curve  is 
without  mode  filter,  dotted  curve  is  with  mode  filter  set  at  maximum  amplitude. 
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5.2    Attenuation  with  Restricted  Launch  via  a  Mode  Filter 


Radiation  pattern  measurements  on  both  long  (1  km  or  more)  and  short  (2  m)  lengths  of 
the  same  fiber  are  necessary  to  qualify  mode  filters  for  restricted  launch  attenuation  mea- 
surements. A  successful  mode  filter  produces  an  output  radiation  angle  from  a  2  m  length 
equivalent  to  the  output  radiation  angle  from  the  full  test  length  excited  by  overfilled 
launching  conditions.  Restrictions  in  radiation  angle,  due  to  fiber  propagation,  are  a 
function  of  differential  mode  attenuation  and  mode  coupling.  For  many  typical  graded-index 
fibers,  the  radiation  angle  from  an  overfilled  launch  restricts  by  4  to  8  percent  after  a 
kilometer  of  propagation. 

One  mode  filter  possibility  is  a  series  of  serpentine,  macroscopic  bends,  figure  10. 
This  geometry  in  a  step-index  fiber  has  been  previously  used  as  a  mode-scrambler  for  band-  \ 
width  measurements  [17,18].  The  specific  geometry  used  here  consists  of  eleven,  9  mm  diam- 
eter nylon  posts--six  fixed  and  five  moveable.  A  fiber  is  placed  in  the  mode  filter  and  the 
movable  posts  are  translated  to  produce  sinusoidal  bends  having  a  period  of  22  mm  with  vari- 
able amplitude.  Maximum  far-field  restrictions  are  obtained  when  the  posts  are  evenly  I 
aligned  (9  mm  peak-to-peak  amplitude). 

The  effect  of  this  mode  filter  on  the  far-field  pattern  from  a  short  length  of  graded- 
index  fiber  is  shown  in  figure  11.  The  solid  curve  was  obtained  without  the  mode  filter 
using  overfilled  launching  conditions  to  the  2  m  length.  The  dotted  curve  is  the  same  but 
with  the  mode  filter  set  to  maximum  amplitude.  A  restriction  of  16  percent  in  radiation 
angle  is  achieved  at  maximum  amplitude.  This  particular  fiber,  when  excited  by  overfilled 
launching  conditions,  exhibits  a  6  percent  restriction  in  radiation  angle  after  0.9  km  of 
propagation.  Thus,  the  serpentine  mode  filter  in  this  case  would  be  more  than  adequate  to 
achieve  the  necessary  restriction  (9  percent)  for  an  attenuation  measurement. 

It  should  be  emphasized  that  mode  filters  affect  different  fibers  in  different  ways. 
The  exact  nature  of  the  mode  reduction  is  a  function  of:  mode  filter,  buffer  coating,  clad- 
ding diameter,  core  diameter,  numerical  aperture,  etc.  Fibers  have  been  found  where  the 
serpentine  mode  filter  has  produced  significantly  different  results  than  figure  11.  It  is 
therefore  necessary  to  "qualify"  a  mode  filter  for  the  particular  class  of  fibers  being  mea- 
sured. 

5.3    Symmetry  of  Radiation  Patterns 

In  general,  far-field  measurements  on  single  core  fibers  give  smooth,  symmetric,  bell 
shaped  curves  having  a  single  maximum.  Fine  structure  from  the  core  would  be  diffracted 
into  relatively  large  angles.  For  example,  a  plane  wave  illuminating  a  circular  aperture  of 
diameter  d  has  a  diffraction  angle  of  1.22  \/d.  This  is  1.4°  when  applied  to  a  50  nn  diam- 
eter core  at  a  wavelength  of  1  urn. 

6  I 

S 
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Figure  12.  Typical  symmetry  of  far-field  patterns  from  graded-index  fibers.  Left  part  of 
pattern  (dotted  line)  is  folded  about  a  vertical  axis  through  mid-point  of  half 
maximum  width  to  compare  with  right  part  of  pattern  (solid  line).  Far-field  (B) 
exhibits  better  symmetry  than  far-field  (A). 

Pattern  symmetry  is  indicated  in  figure  12.  Here  far-field  patterns  are  folded  about  a 
vertical  axis  passing  through  the  midpoint  of  the  width  at  half  maximum.  These  examples 
were  selected  from  measurements  on  a  large  number  of  commercial  fibers  and  are  typical  of 
good  and  poor  symmetries.    Even  in  the  poor  case,  the  symmetry  is  fairly  good. 

5.4    Mode  Dependance  of  OH"  Absorption 

The  OH"  radical  causes  spectrally  localized  absorption  in  optical  fibers.  One  of  the 
stronger  lines  occurs  near  950  nm.  Previous  backscatter  measurements  show  that  OH"  is  not 
necessarily  distributed  uniformly  along  the  fiber  length  [19].  This  section  describes 
far-field  measurements  to  qualitatively  determine  the  mode  dependence  of  OH"  absorption  in  a 
particular  fiber. 
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For  these  measurements,  a  0.9  km  fiber  was  chosen  with  a  large  OH"  absorption  peak  and 
little  mode  coupling.  Spectral  attenuation  measurements  indicate  a  loss  of  5  dB/km  at 
850  nm  which  increases  to  40  dB/km  at  950  nm.  By  analyzing  far-field  patterns  at  850  nm 
from  overfilled  and  restricted  mode  volume  launches,  this  fiber  was  found  to  have  little 
mode  coupling. 

Qualitatively,  if  more  OH"  were  located  near  the  core-cladding  interface,  higher  order 
(large  radius-large  angle)  modes  would  be  attenuated  more  and  a  narrower  pattern  would 
result  at  the  output  from  an  overfilled  input;  the  converse  would  be  true  if  the  OH"  were 
concentrated  near  the  axis. 

Figure  13  is  the  superposition  of  normalized  far-field  patterns  at  857  nm  and  957  nm 
using  overfilled  launching  conditions  and  70  nm  bandpass  filters.  Precision  in  determining 
these  differences  should  be  quite  good  since  only  interference  filters  were  changed  between 
the  two  measurements.  As  shown,  the  presence  of  OH"  absorption  at  957  nm  does  little  to 
alter  the  shape  from  the  pattern  at  857  nm  where  no  OH"  absorption  is  present.  Therefore, 
the  OH"  in  this  fiber  appears  to  be  uniformly  distributed  with  a  slight  indication  of  more 
OH"  near  the  axis  (957  nm  curve  is  wider).  The  distribution  of  0H~  would  depend  upon  the 
preform  fabrication  process  so  the  above  results  apply  only  to  the  particular  fiber. 


Figure  13.  Experiment  to  qualitatively  determine  mode  dependence  of  OH"  absorption.  Little 
mode  dependence  is  indicated  for  this  particular  fiber. 
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6.  CONCLUSION 


The  determination  of  radiation  angle  (numerical  aperture)  from  far-field  data  at  the  5 
percent  intensity  points  should  result  in  good  measurement  precision  and  accuracy  when 
applied  to  near-parabolic,  index  fibers.  In  these  fibers,  leaky  modes  are  contained  within 
the  meridional ly  defined  numerical  aperture  so  they  should  not  affect  the  intensity  at  the 
largest  observed  angles.  However,  in  step-index  fibers  the  situation  is  different.  Here 
leaky  modes  cause  uncertainty  if  meridional ly  defined  numerical  aperture  is  desired.  At 
present,  standards  groups  have  not  made  recommendations  for  step-index  fibers. 

A  procedure  for  determining  radiation  angle  (numerical  aperture)  of  graded-index  opti- 
cal fibers  was  tested  by  an  interl aboratory  measurement  comparison  among  six  fiber  manufac- 
turers and  NBS.  Measurements  on  five  fibers  showed  an  average  standard  deviation  (one  a)  of 
2.0  percent.  Detailed  discussion  of  the  comparison  can  be  found  in  chapter  4  of  Optical 
Fiber  Characterization,  Volume  1,  NBS  Special  Publication  637. 


7.  REFERENCES 


[1]  Cathey,  W.  T.  Optical  information  processing  and  holography.  New  YorkrJohn  Wiley; 
1974. 

[2]  Sladen,  F.  M.  E. ,  et  al .  Determination  of  optical  fiber  refractive  index  profiles  by 
a  near-field  scanning  technique.    A.P.L.  28(5) : 255-258;  1976  March. 

[3]  Adams,  M.  J.,  et  al .  Leaky  rays  on  optical  fibers  of  arbitrary  (circularly  symmetric) 
index  profiles.    Electronics  Letters,  11(11): 239-240;  1975  May. 

[4]  Holmes,  G.  T.  Propagation  parameter  measurements  of  optical  waveguides.  Proceedings 
of  the  SPIE,  Fiber  Optics  for  Communication  and  Control,  Vol.  224;  1980. 

[5]  Kitayama,  K. ,  et  al .  Impulse  response  prediction  based  on  experimental  mode  coupling 
coefficient  in  a  10-km  long  graded-index  fiber.  IEEE  J.  Quant.  Elect. 
QE-16(3) :356-362;  1980  March. 

[6]  Procedures  for  determining  radiation  angle  (numerical  aperture)  and  core  diameter  from 
far  and  near-field  patterns  respectively  are  under  consideration  by  Committee  P6.6  of 
the  Electronic  Industries  Association. 

[7]  Hanson,  A.  G. ,  et  al .  Optical  waveguide  communications  glossary.  NTIA  Special  publi- 
cation, NTIA-SP-79-4;  1979  September. 

[8]  Electronics  Industries  Association  Committee  P6.6  is  currently  recommending  that 
radiation  angle  be  based  on  the  far-field  pattern  half  width  at  the  5  percent  inten- 
sity points. 

[9]  Miller,  S.  E.;  Chynoweth,  A.  G.  Optical  Fiber  Telecommunications.  New  York : Academic 
Press;  1979. 

[10]    Matsumura,  H.    The  light  acceptance  angle  of  a  graded  index  fibre.    Optical  and  Quan- 
tum Electronics  7:81-86;  1975. 


205 


[11] 

[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 


Eriksrud,  M. ,  et  al .  Comparison  between  measured  and  predicted  transmission  charac- 
teristics of  12  km  spliced  graded-index  fibres.  Optical  and  Quantum  Electronics. 
11:517-523;  1979. 

Tateda,  M.  Optical  loss  measurements  in  graded-index  fiber  using  a  dummy  fiber. 
Applied  Optics.    18( 19) :3272-3275;  1979  October. 

Cherin,  A.  H. ;  Gardner,  W.  B.  Standardization  of  optical  fiber  transmission  measure- 
ments.   Laser  Focus.    1 6(8) :60-65;  1980  August. 

PIN  photodiodes  with  built-in  operational  amplifiers  are  available  from  a  number  of 
sources.    A  22  megohm  feedback  resistor  is  used  with  the  operational  amplifier. 

The  alphabetical  fiber  designations  are  consistent  within  this  Technical  Note  but  do 
not  apply  to  any  other  NBS  publications. 

Gloge,  D. ;  Marcatili,  E.  A.  J.  Multimode  theory  of  graded-core  fibers.  B. S.T.J. 
52(9) : 1563-1578;  1973  November. 

Tokuda,  M. ,  et  al .  Measurement  of  baseband  frequency  response  of  multimode  fibre  by 
using  a  new  type  of  mode  scrambler.    Electronic  Letters.    13(5) : 146-147 ;  1977  March. 

Franzen,  D.  L. ;  Day,  G.  W.  Measurement  of  optical  fiber  bandwidth  in  the  time  domain. 
Nat.  Bur.  Stand.  (U.S.)  Tech.  Note  1019;  1980  February. 


Conduit,  A.  J.,  et  al .    Spectral  and  length-dependent  losses  in  optical  fibres  inves-J 
tigated  by  a  two-channel  backscatter  technique.     Electronics  Letters.     16(3):  77-78; 
1980  January. 


206 


Appendix: 

Optical  Waveguide  Communications  Glossary 

A.  G.  Hanson 
L.  R.  Bloom 

A.  H.  Cherin 
G.  W.  Day 

R.  L.  Gallawa 

E.  M.  Gray 
C.  Kao 

F.  P.  Kapron 

B.  S.  Kawasaki 
P.  Reitz 

M.  Young 


207 


Absorption: 

In  an  optical  waveguide,  that  portion  of  attenua- 
tion resulting  from  conversion  of  optical  power 
into  heat. 

Note.  Intrinsic  components  consist  of  tails  of  the 
ultraviolet  and  infrared  absorption  bands.  Extrin- 
sic components  include  (a)  impurities,  e.g.,  the 
oh-  ion  and  transition  metal  ions  and,  (b)  defects, 
e.g.,  results  of  thermal  history  and  exposure  to  nu- 
clear radiation.  See  also:  Attenuation. 

Acceptance  angle: 

Half  the  vertex  angle  of  that  cone  within  which  op- 
tical power  may  be  coupled  into  bound  modes  of 
an  optical  waveguide. 

Note  1.  Acceptance  angle  is  a  function  of  position 
on  the  entrance  face  of  the  core  when  the  refrac- 
tive index  is  a  function  of  radius  in  the  core.  In 
that  case,  the  local  acceptance  angle  is 


arcsin  \/n2(r)  —  n| 


where  n(r)  is  the  local  refractive  index  and  n2  is 
the  minimum  refractive  index  of  the  cladding.  The 
sine  of  the  local  acceptance  angle  is  sometimes  re- 
ferred to  as  the  local  numerical  aperture. 
Note  2.  Power  may  be  coupled  into  leaky  modes  at 
angles  exceeding  the  acceptance  angle.  See  also: 
Launch  numerical  aperture;  Power-law  index  pro- 
file. 

Access  coupler: 

A  device  placed  between  two  waveguide  ends  to  al- 
low signals  to  be  withdrawn  from  or  entered  into 
one  of  the  waveguides.  See  also:  Optical  waveguide 
coupler. 

Acousto-optic  effect: 

A  periodic  variation  of  refractive  index  caused  by 
an  acoustic  wave. 

Note.  The  acousto-optic  effect  is  used  in  devices 
that  modulate  and  deflect  light.  See  also:  Modula- 
tion. 

Active  laser  medium: 

The  material  within  a  laser,  such  as  crystal,  gas, 
glass,  liquid,  or  semiconductor,  that  emits  coher- 
ent radiation  (or  exhibits  gain)  as  the  result  of 
stimulated  electronic  or  molecular  transitions  to 
lower  energy  states.  Synonym:  Laser  medium.  See 
also:  Laser;  Optical  cavity. 

Aligned  bundle: 

A  bundle  of  optical  fibers  in  which  the  relative 
spatial  coordinates  of  each  fiber  are  the  same  at 
the  two  ends  of  the  bundle. 


Note.  The  term  "coherent  bundle"  is  often  em- 
ployed as  a  synonym,  and  should  not  be  confused 
with  phase  coherence  or  spatial  coherence.  Syn- 
onym: Coherent  bundle.  See  also:  Fiber  bundle. 

Alpha  profile: 

See  Power-law  index  profile. 

Angle  of  deviation: 

In  optics,  the  net  angular  deflection  experienced 
by  a  light  ray  after  one  or  more  refractions  or  re- 
flections. 

Note.  The  term  is  generally  used  in  reference  to 
prisms,  assuming  air  interfaces.  The  angle  of  devi- 
ation is  then  the  angle  between  the  incident  ray 
and  the  emergent  ray.  See  also:  Reflection;  Refrac- 
tion. 

Angle  of  incidence: 

The  angle  between  an  incident  ray  and  the  normal 
to  a  reflecting  or  refracting  surface.  See  also:  Crit- 
ical angle;  Total  internal  reflection. 

Angstrom  (A): 

A  unit  of  optical  wavelength  (obsolete). 
1  A  =  10"10  meters. 

Note.  The  angstrom  has  been  used  historically  in] 
the  field  of  optics,  but  it  is  not  an  SI  (International 
System)  unit. 

Angular  misalignment  loss: 

The  optical  power  loss  caused  by  angular  deviatior 
from  the  optimum  alignment  of  source  to  optica 
waveguide,  waveguide  to  waveguide,  or  waveguidi 
to  detector.  See  also:  Extrinsic  joint  loss;  Gap  loss 
Intrinsic  joint  loss;  Lateral  offset  loss. 

I 

Anisotropic: 

Pertaining  to  a  material  whose  electrical  or  optica 
properties  are  different  for  different  directions  o 
propagation  or  different  polarizations  of  a  travel 
ing  wave.  See  also:  Isotropic. 

Antireflection  coating: 

A  thin,  dielectric  or  metallic  film  (or  several  sue] 
films)  applied  to  an  optical  surface  to  reduce  th 
reflectance  and  thereby  increase  the  transmit 
tance. 

Note.  The  ideal  value  of  the  refractive  index  of 
single  layered  film  is  the  square  root  of  the  prod 
uct  of  the  refractive  indices  on  either  side  of  th 
film,  the  ideal  optical  thickness  being  one  quarte 
of  a  wavelength.  See  also:  Dichroic  filter;  Fresm 
reflection;  Reflectance;  Transmittance. 

APD: 

Abbreviation  for  Avalanche  photodiode. 

I 
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Note,  apd  and  a.p.d.  are  also  used. 
Attenuation: 

In  an  optical  waveguide,  the  diminution  of  average 
optical  power. 

Note.  In  optical  waveguides,  attenuation  results 
from  absorption,  scattering,  and  other  radiation. 
Attenuation  is  generally  expressed  in  dB.  Howev- 
er, attenuation  is  often  used  as  a  synonym  for  at- 
tenuation coefficient,  expressed  in  dB/km.  This 
assumes  the  attenuation  coefficient  is  invariant 
with  length.  See  also:  Attenuation  coefficient; 
Coupling  loss;  Differential  mode  attenuation; 
Equilibrium  mode  distribution;  Extrinsic  joint 
loss;  Insertion  loss;  Intrinsic  joint  loss;  Leaky 
modes;  Macrobend  loss;  Material  scattering; 
Microbend  loss;  Rayleigh  scattering;  Spectral  win- 
dow; Transmission  loss;  Waveguide  scattering. 

Attenuation  coefficient: 

The  rate  of  diminution  of  average  optical  power 
with  respect  to  distance  along  the  waveguide.  De- 
fined by  the  equation 

P(z)  =  P(0)  l(T(az/10) 

where  P(z)  is  the  power  at  distance  z  along  the 
guide  and  P(0)  is  the  power  at  z  =  0;  a  is  the  attenu- 
ation coefficient  in  dB/km  if  z  is  in  km.  From  this 
equation, 


ea  =  -10  log10[P(z)/P(0)]. 

This  assumes  that  a  is  independent  of  z;  if  other- 
wise, the  definition  must  be  given  in  terms  of  in- 
cremental attenuation  as: 


—    I  a(z)dz 

P(z)  =  P(0)10     o  10 


or,  equivalently, 

a(z)  =  -10^1og10[P(z)/P(0)] 

See  also:  Attenuation;  Attenuation  constant;  Axial 
propagation  constant. 

Attenuation  constant: 

For  a  particular  mode,  the  real  part  of  the  axial 
propagation  constant.  The  attenuation  coefficient 
for  the  mode  power  is  twice  the  attenuation  cons- 
tant. See  also:  Attenuation  coefficient,  Axial  prop- 
agation constant;  Propagation  constant. 

Attenuation-limited  operation: 

The  condition  prevailing  when  the  received  signal 
amplitude  (rather  than  distortion)  limits  perfor- 
mance. See  also:  Bandwidth-limited  operation; 
Distortion-limited  operation. 


Avalanche  photodiode  (APD): 

A  photodiode  designed  to  take  advantage  of  ava- 
lanche multiplication  of  photocurrent. 
Note.  As  the  reverse-bias  voltage  approaches  the 
breakdown  voltage,  hole-electron  pairs  created  by 
absorbed  photons  acquire  sufficient  energy  to 
create  additional  hole-electron  pairs  when  they 
collide  with  ions;  thus  a  multiplication  (signal 
gain)  is  achieved.  See  also:  Photodiode;  PIN 
photodiode. 

Axial  propagation  constant: 

The  propagation  constant  evaluated  along  the  axis 
of  a  waveguide  (in  the  direction  of  transmission). 
Note.  The  real  part  of  the  axial  propagation  cons- 
tant is  the  attenuation  constant  while  the  imagi- 
nary part  is  the  phase  constant.  Synonym:  Axial 
propagation  wave  number.  See  also:  Attenuation; 
Attenuation  coefficient;  Attenuation  constant; 
Propagation  constant. 

Axial  propagation  wave  number: 

Synonym  for  Axial  propagation  constant. 

Axial  ray: 

A  light  ray  that  travels  along  the  optical  axis.  See 
also:  Geometric  optics;  Fiber  axis;  Meridional  ray; 
Paraxial  ray;  Skew  ray. 

Axial  slab  interferometry: 

Synonym  for  Slab  interferometry. 

Backscattering: 

The  scattering  of  light  into  a  direction  generally 
reverse  to  the  original  one.  See  also:  Rayleigh  scat- 
tering; Reflectance;  Reflection. 

Bandpass  filter: 

See  Optical  filter. 

Bandwidth: 

See  Fiber  bandwidth. 

Bandwidth-limited  operation: 

The  condition  prevailing  when  the  system 
bandwidth,  rather  than  the  amplitude  (or  power) 
of  the  signal,  limits  performance.  The  condition  is 
reached  when  the  system  distorts  the  shape  of  the 
waveform  beyond  specified  limits.  For  linear  sys- 
tems, bandwidth-limited  operation  is  equivalent 
to  distortion-limited  operation.  See  also:  Attenua- 
tion-limited operation;  Distortion-limited  opera- 
tion; Linear  optical  element. 

Barrier  layer: 

In  the  fabrication  of  an  optical  fiber,  a  layer  that 
can  be  used  to  create  a  boundary  against  OH~  ion 
diffusion  into  the  core.  See  also:  Core. 

Baseband  response  function: 

Synonym  for  Transfer  function  (of  a  device). 
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Beam  diameter: 

The  distance  between  two  diametrically  opposed 
points  at  which  the  irradiance  is  a  specified  frac- 
tion of  the  beam's  peak  irradiance;  most  commonly 
applied  to  beams  that  are  circular  or  nearly  circu- 
lar in  cross  section.  Syononym:  Beamwidth.  See 
also:  Beam  divergence. 

Beam  divergence: 

1.  For  beams  that  are  circular  or  nearly  circular  in 
cross  section,  the  angle  subtended  by  the  far-field 
beam  diameter. 

2.  For  beams  that  are  not  circular  or  nearly  circular 
in  cross  section,  the  far-field  angle  subtended  by 
two  diametrically  opposed  points  in  a  plane  per- 
pendicular to  the  optical  axis,  at  which  points  the 
irradiance  is  a  specified  fraction  of  the  beam's 
peak  irradiance.  Generally,  only  the  maximum 
and  minimum  divergences  (corresponding  to  the 
major  and  minor  diameters  of  the  far-field  irradi- 
ance) need  be  specified.  See  also:  Beam  diameter; 
Collimation;  Far-field  region. 

Beamsplitter: 

A  device  for  dividing  an  optical  beam  into  two  or 
more  separate  beams;  often  a  partially  reflecting 
mirror. 

Beamwidth: 

Synonym  for  Beam  diameter. 

Bidirectional  transmission: 

Signal  transmission  in  both  directions  along  an 
optical  waveguide  or  other  component. 

Birefringence: 

See  Birefringent  medium. 

Birefringent  medium: 

A  material  that  exhibits  different  indices  of  re- 
fraction for  orthogonal  linear  polarizations  of  the 
light.  The  phase  velocity  of  a  wave  in  a 
birefringent  medium  thus  depends  on  the  polar- 
ization of  the  wave.  Fibers  may  exhibit  birefrin- 
gence. See  also:  Refractive  index  (of  a  medium). 

Blackbody: 

A  totally  absorbing  body  (which  reflects  no  radia- 
tion). 

Note.  In  thermal  equilibrium,  a  blackbody  absorbs 
and  radiates  at  the  same  rate;  the  radiation  will 
just  equal  absorption  when  thermal  equilibrium  is 
maintained.  See  also:  Emissivity. 

Bolometer: 

A  device  for  measuring  radiant  energy  by  measur- 
ing the  changes  in  resistance  of  a  temperature- 
sensitive  device  exposed  to  radiation.  See  also:  Ra- 
diant energy;  Radiometry. 

Boltzmann's  constant: 

The  number  k  that  relates  the  average  energy  of 
a  molecule  to  the  absolute  temperature  of  the  envi- 
ronment, k  is  approximately  1.38  x  10~23 
joules/kelvin. 


Bound  mode: 

In  an  optical  waveguide,  a  mode  whose  field  decays 
monotonically  in  the  transverse  direction  every- 
where external  to  the  core  and  which  does  not  lose 
power  to  radiation.  Specifically,  a  mode  for  which 

n(a)k  <  13  <  n(0)k 

where  (5  is  the  imaginary  part  (phase  constant)  of 
the  axial  propagation  constant,  n(a)  is  the  refrac- 
tive index  at  r=a,  the  core  radius,  n(0)  is  the  re- 
fractive index  at  r  =  0,  k  is  the  free-space 
wavenumber,  2tt/\,  and  X  is  the  wavelength.  Bound 
modes  correspond  to  guided  rays  in  the  terminolo- 
gy of  geometric  optics. 

Note.  Except  in  a  monomode  fiber,  the  power  in 
bound  modes  is  predominantly  contained  in  the  ! 
core  of  the  fiber.  Synonyms:  Guided  mode;  j 
Trapped  mode.  See  also:  Cladding  mode;  Guided 
ray;  Leaky  mode;  Mode;  Normalized  frequency; 
Unbound  mode. 

Bound  ray: 

Synonym  for  Guided  ray. 

Brewster's  angle: 

For  light  incident  on  a  plane  boundary  between 
two  regions  having  different  refractive  indices, 
that  angle  of  incidence  at  which  the  reflectance  is 
zero  for  light  that  has  its  electric  field  vector  in 
the  plane  defined  by  the  direction  of  propagation  J 
and  the  normal  to  the  surface.  For  propagation 
from  medium  1  to  medium  2,  Brewster's  angle  is  J 

arctan  (n2/n!)  . 

See  also:  Angle  of  incidence;  Reflectance;  Refrac- 
tive index  (of  a  medium). 

Brightness: 

An  attribute  of  visual  perception,  in  accordance 
with  which  a  source  appears  to  emit  more  or  less  J 
light;  obsolete. 

Note  1.  Usage  should  be  restricted  to 
nonquantitative  reference  to  physiological  sensa- 
tions and  perceptions  of  light. 
Note  2.  "Brightness"  was  formerly  used  as  a  syn- 
onym for  the  photometric  term  "luminance"  and 
(incorrectly)  for  the  radiometric  term  "radiance". 
See  also:  Radiance;  Radiometry. 

Buffer: 

See  Fiber  buffer. 
Bundle: 

See  Fiber  bundle.  , 


See  Optical  cable. 

Cable  assembly: 

See  Multifiber  cable;  Optical  cable  assembly. 
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Cavity: 

See  Optical  cavity. 

Chemical  vapor  deposition  (CVD)  technique: 

A  process  in  which  deposits  are  produced  by  heter- 
ogeneous gas-solid  and  gas-liquid  chemical  reac- 
tions at  the  surface  of  a  substrate. 
Note.  The  CVD  method  is  often  used  in  fabricating 
optical  waveguide  preforms  by  causing  gaseous 
materials  to  react  and  deposit  glass  oxides.  Typical 
starting  chemicals  include  volatile  compounds  of 
silicon,  germanium,  phosphorous,  and  boron, 
which  form  corresponding  oxides  after  heating 
with  oxygen  or  other  gases.  Depending  upon  its 
type,  the  preform  may  be  processed  further  in 
preparation  for  pulling  into  an  optical  fiber.  See 
also:  Preform. 

Chirping: 

A  rapid  change  (as  opposed  to  long-term  drift)  of 
the  emission  wavelength  of  an  optical  source. 
Chirping  is  most  often  observed  in  pulsed  opera- 
tion of  a  source. 

Chromatic  dispersion: 

Redundant  synonym  for  Dispersion. 

Cladding: 

The  dielectric  material  surrounding  the  core  of  an 
optical  waveguide.  See  also:  Core;  Normalized  fre- 
quency; Optical  waveguide;  Tolerance  field. 

Cladding  center: 

The  center  of  the  circle  that  circumscribes  the  out- 
er surface  of  the  homogeneous  cladding,  as  defined 
under  Tolerance  field.  See  also:  Cladding;  Toler- 
ance field. 

Cladding  diameter: 

The  length  of  the  longest  chord  that  passes 
through  the  fiber  axis  and  connects  two  points  on 
the  periphery  of  the  homogeneous  cladding.  See 
also:  Cladding;  Core  diameter;  Tolerance  field. 

Cladding  mode: 

A  mode  that  is  confined  by  virtue  of  a  lower  index 
medium  surrounding  the  cladding.  Cladding 
modes  correspond  to  cladding  rays  in  the  termi- 
nology of  geometric  optics.  See  also:  Bound  mode; 
Cladding  ray;  Leaky  mode;  Mode;  Unbound  mode. 

Cladding  mode  stripper: 

A  device  that  encourages  the  conversion  of  clad- 
ding modes  to  radiation  modes;  as  a  result,  the 
cladding  modes  are  stripped  from  the  fiber.  Often 
a  material  having  a  refractive  index  equal  to  or 
greater  than  that  of  the  waveguide  cladding.  See 
also:  Cladding;  Cladding  mode. 

Cladding  ray: 

In  an  optical  waveguide,  a  ray  that  is  confined  to 
the  core  and  cladding  by  virtue  of  reflection  from 
the  outer  surface  of  the  cladding.  Cladding  rays 
correspond  to  cladding  modes  in  the  terminology 
of  mode  descriptors.  See  also:  Cladding  mode; 
Guided  ray;  Leaky  ray. 


Coherence  area: 

The  area  in  a  plane  perpendicular  to  the  direction 
of  propagation  over  which  light  may  be  considered 
highly  coherent.  Commonly  the  coherence  area  is 
the  area  over  which  the  degree  of  coherence  ex- 
ceeds 0.88.  See  also:  Coherent;  Degree  of  Coher- 
ence. 

Coherence  length: 

The  propagation  distance  over  which  a  light  beam 
may  be  considered  coherent.  If  the  spectral 
linewidth  of  the  source  is  AX  and  the  central  wave- 
length is  X0,  the  coherence  length  in  a  medium  of 
refractive  index  n  is  approximately  Xq/xiAX.  See 
also:  Degree  of  coherence;  Spectral  width. 

Coherence  time: 

The  time  over  which  a  propagating  light  beam 
may  be  considered  coherent.  It  is  equal  to  coher- 
ence length  divided  by  the  phase  velocity  of  light 
in  a  medium;  approximately  given  by  Xq/cAX, 
where  X0  is  the  central  wavelength,  AX  is  the  spec- 
tral linewidth  and  c  is  the  velocity  of  light  in  vacu- 
um. See  also:  Coherence  length;  Phase  velocity. 

Coherent: 

Characterized  by  a  fixed  phase  relationship  be- 
tween points  on  an  electromagnetic  wave. 
Note.  A  truly  monochromatic  wave  would  be  per- 
fectly coherent  at  all  points  in  space.  In  practice, 
however,  the  region  of  high  coherence  may  extend 
only  a  finite  distance.  The  area  on  the  surface  of 
a  wavefront  over  which  the  wave  may  be  consid- 
ered coherent  is  called  the  coherence  area  or  co- 
herence patch;  if  the  wave  has  an  appreciable 
coherence  area,  it  is  said  to  be  spatially  coherent 
over  that  area.  The  distance  parallel  to  the  wave 
vector  along  which  the  wave  may  be  considered  co- 
herent is  called  the  coherence  length;  if  the  wave 
has  an  appreciable  coherence  length,  it  is  said  to 
be  phase  or  length  coherent.  The  coherence  length 
divided  by  the  velocity  of  light  in  the  medium  is 
known  as  the  coherence  time;  hence  a  phase  coher- 
ent beam  may  also  be  called  time  (or  temporally) 
coherent.  See  also:  Coherence  area;  Coherence 
length;  Coherence  time;  Degree  of  coherence;  Mo- 
nochromatic. 

Coherent  bundle: 

Synonym  for  Aligned  bundle. 

Coherent  radiation: 

See  Coherent. 

Collimation: 

The  process  by  which  a  divergent  or  convergent 
beam  of  radiation  is  converted  into  a  beam  with 
the  minimum  divergence  possible  for  that  system 
(ideally,  a  parallel  bundle  of  rays).  See  also:  Beam 
divergence. 
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Concatenation  (of  optical  waveguides): 

The  linking  of  optical  waveguides,  end  to  end. 

Concentricity  error: 

When  used  in  conjunction  with  a  tolerance  field 
to  specify  core/cladding  geometry,  the  distance  be- 
tween the  center  of  the  two  concentric  circles  spec- 
ifying the  cladding  diameter  and  the  center  of  the 
two  concentric  circles  specifying  the  core  diame- 
ter. See  also:  Cladding;  Cladding  diameter;  Core; 
Core  diameter;  Tolerance  field. 

Connector: 

See  Optical  waveguide  connector. 

Connector  insertion  loss: 

See  Insertion  loss. 

Conservation  of  radiance: 

A  basic  principle  stating  that  no  passive  optical 
system  can  increase  the  quantity  Ln~2  where  L  is 
the  radiance  of  a  beam  and  n  is  the  local  refractive 
index.  Formerly  called  "conservation  of  bright- 
ness" or  the  "brightness  theorem."  See  also: 
Brightness;  Radiance. 

Core: 

The  central  region  of  an  optical  waveguide 
through  which  light  is  transmitted.  See  also:  Clad- 
ding; Normalized  frequency;  Optical  waveguide. 

Core  area: 

The  cross  sectional  area  enclosed  by  the  curve  that 
connects  all  points  nearest  the  axis  on  the  periph- 
ery of  the  core  where  the  refractive  index  of  the 
core  exceeds  that  of  the  homogeneous  cladding  by 
k  times  the  difference  betwen  the  maximum  re- 
fractive index  in  the  core  and  the  refractive  index 
of  the  homogeneous  cladding,  where  k  is  a  speci- 
fied positive  or  negative  constant  |k|<l.  See  also: 
Cladding;  Core;  Homogeneous  cladding;  Tolerance 
field. 

Core  center: 

A  point  on  the  fiber  axis.  See  also:  Fiber  axis;  Opti- 
cal axis. 

Core  diameter: 

The  diameter  of  the  circle  that  circumscribes  the 
core  area.  See  also:  Cladding;  Core;  Core  area;  Tol- 
erance field. 

Cosine  emission  law: 

Synonym  for  Lambert's  cosine  law. 

Coupled  modes: 

Modes  whose  energies  are  shared.  See  also:  Mode. 

Coupler: 

See  Optical  waveguide  coupler. 


Coupling: 

See  Mode  coupling. 

Coupling  efficiency: 

The  efficiency  of  optical  power  transfer  between 
two  optical  components.  See  also:  Coupling  loss. 

Coupling  loss: 

The  power  loss  suffered  when  coupling  light  from 
one  optical  device  to  another.  See  also:  Angular 
misalignment  loss;  Extrinsic  joint  loss;  Gap  loss; 
Insertion  loss;  Intrinsic  joint  loss;  Lateral  offset 
loss. 

Critical  angle: 

When  light  propagates  in  a  homogeneous  medium 
of  relatively  high  refractive  index  (nhigh)  onto  a 
planar  interface  with  a  homogeneous  material  of 
lower  index  (n]ow),  the  critical  angle  is  defined  by 

arcsin  (nlow  /  nhigh). 

Note.  When  the  angle  of  incidence  exceeds  the  crit- 
ical angle,  the  light  is  totally  reflected  by  the  in- 
terface. This  is  termed  total  internal  reflection. 
See  also:  Acceptance  angle;  Angle  of  incidence;  Re- 
flection; Refractive  index  (of  a  medium);  Step  in- 
dex profile;  Total  internal  reflection. 

Curvature  loss: 

Synonym  for  Macrobend  loss. 

Cutback  technique: 

A  technique  for  measuring  fiber  attenuation  or 
distortion  by  performing  two  transmission  mea- 
surements. One  is  at  the  output  end  of  the  full j 
length  of  the  fiber.  The  other  is  within  1  to  3  me- 
ters of  the  input  end,  access  being  had  by  "cutting 
back"  the  test  fiber.  See  also:  Attenuation. 

Cutoff  wavelength: 

That  wavelength  greater  than  which  a  particulai) 
waveguide  mode  ceases  to  be  a  bound  mode. 
Note.  In  a  single  mode  waveguide,  concern  is  witK 
the  cutoff  wavelength  of  the  second  order  mode 
See  also:  Mode. 

CVD: 

Abbreviation  for  Chemical  vapor  deposition. 

D*  (pronounced  "D-star"): 

A  figure  of  merit  often  used  to  characterize  detec 
tor  performance,  defined  as  the  reciprocal  of  nois 
equivalent  power  (NEP),  normalized  to  unit  are; 
and  unit  bandwidth.  j 


D*  =  VA(Af)  /  NEP, 

where  A  is  the  area  of  the  photosensitive  regio 
of  the  detector  and  (Af)  is  the  effective  nois 
bandwidth.  Synonym:  Specific  detectivity.  Se 
also:  Detectivity;  Noise  equivalent  power. 
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Dark  current: 

The  external  current  that,  under  specified  biasing 
conditions,  flows  in  a  photosensitive  detector  when 
there  is  no  incident  radiation. 

Degree  of  coherence: 

A  measure  of  the  coherence  of  a  light  source;  the 
magnitude  of  the  degree  of  coherence  is  equal  to 
the  visibility,  V,  of  the  fringes  of  a  two-beam  inter- 
ference experiment,  where 

I  +1 

Amax    1  'mm 

Imax  is  the  intensity  at  a  maximum  of  the  interfer- 
ence pattern,  and  Imjn  is  the  intensity  at  a  mini- 
mum. 

Note.  Light  is  considered  highly  coherent  when  the 
degree  of  coherence  exceeds  0.88,  partially  coher- 
ent for  values  less  than  0.88,  and  incoherent  for 
"very  small"  values.  See  also:  Coherence  area;  Co- 
herence length;  Coherent;  Interference. 

Density: 

See  Optical  density. 

Detectivity: 

The  reciprocal  of  noise  equivalent  power  (NEP). 
See  also:  Noise  equivalent  power  (NEP). 

Dichroic  filter: 

An  optical  filter  designed  to  transmit  light  selec- 
tively according  to  wavelength  (most  often,  a  high- 
pass  or  low-pass  filter).  See  also:  Optical  filter. 

Dichroic  mirror: 

A  mirror  designed  to  reflect  light  selectively  ac- 
cording to  wavelength.  See  also:  Dichroic  filter. 

Dielectric  filter: 

See  Interference  filter. 

Differential  mode  attenuation: 

The  variation  in  attenuation  among  the  propagat- 
ing modes  of  an  optical  fiber. 

Differential  mode  delay: 

The  variation  in  propagation  delay  that  occurs  be- 
cause of  the  different  group  velocities  of  the  modes 
of  an  optical  fiber.  Synonym:  Multimode  group  de- 
lay. See  also:  Group  velocity;  Mode;  Multimode  dis- 
tortion. 

Differential  quantum  efficiency: 

In  an  optical  source  or  detector,  the  slope  of  the 
curve  relating  output  quanta  to  input  quanta. 

Diffraction: 

The  deviation  of  a  wavefront  from  the  path  pre- 
dicted by  geometric  optics  when  a  wavefront  is  re- 
stricted by  an  opening  or  an  edge  of  an  object. 


Note.  Diffraction  is  usually  most  noticeable  for 
openings  of  the  order  of  a  wavelength.  However, 
diffraction  may  still  be  important  for  apertures 
many  orders  of  magnitude  larger  than  the  wave- 
length. See  also:  Far-field  diffraction  pattern; 
Near-field  diffraction  pattern. 

Diffraction  grating: 

An  array  of  fine,  parallel,  equally  spaced  reflect- 
ing or  transmitting  lines  that  mutually  enhance 
the  effects  of  diffraction  to  concentrate  the  dif- 
fracted light  in  a  few  directions  determined  by  the 
spacing  of  the  lines  and  the  wavelength  of  the 
light.  See  also:  Diffraction. 

Diffraction  limited: 

A  beam  of  light  is  diffraction  limited  if:  a)  the  far- 
field  beam  divergence  is  equal  to  that  predicted  by 
diffraction  theory,  or  b)  in  focusing  optics,  the  im- 
pulse response  or  resolution  limit  is  equal  to  that 
predicted  by  diffraction  theory.  See  also:  Beam  di- 
vergence angle;  Diffraction. 

Diffuse  reflection: 

See  Reflection. 

Diode  laser: 

Synonym  for  Injection  laser  diode  (ILD). 

Directional  coupler: 

See  Tee  coupler. 

Dospei  sion 

A  term  used  to  describe  the  chromatic  or  wave- 
length dependence  of  a  parameter  as  opposed  to 
the  temporal  dependence  which  is  referred  to  as 
distortion.  The  term  is  used,  for  example,  to  de- 
scribe the  process  by  which  an  electromagnetic 
signal  is  distorted  because  the  various  wavelength 
components  of  that  signal  have  different  propaga- 
tion characteristics.  The  term  is  also  used  to  de- 
scribe the  relationship  between  refractive  index 
and  wavelength. 

Note.  Signal  distortion  in  an  optical  waveguide  is 
caused  by  several  dispersive  mechanisms: 
waveguide  dispersion,  material  dispersion,  and 
profile  dispersion.  In  addition,  the  signal  suffers 
degradation  from  multimode  "distortion,"  which 
is  often  (erroneously)  referred  to  as  multimode 
"dispersion."  See  also:  Distortion;  Intramodal  dis- 
tortion; Material  dispersion;  Material  dispersion 
parameter;  Multimode  distortion;  Profile  disper- 
sion; Profile  dispersion  parameter;  Waveguide  dis- 
persion. 

Distortion: 

A  change  of  signal  waveform  shape. 
Note.  In  a  multimode  fiber,  the  signal  can  suffer 
degradation  from  multimode  distortion.  In  addi- 
tion, several  dispersive  mechanisms  can  cause  sig- 
nal distortion  in  an  optical  waveguide:  waveguide 
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dispersion,  material  dispersion,  and  profile  disper- 
sion. See  also:  Dispersion;  Profile  dispersion. 

Distortion-limited  operation: 

The  condition  prevailing  when  the  distortion  of 
the  received  signal,  rather  than  its  amplitude  (or 
power),  limits  performance.  The  condition  is 
reached  when  the  system  distorts  the  shape  of  the 
waveform  beyond  specified  limits.  For  linear  sys- 
tems, distortion-limited  operation  is  equivalent  to 
bandwidth-limited  operation.  See  also:  Attenua- 
tion-limited operation;  Bandwidth-limited  opera- 
tion; Distortion;  Multimode  distortion. 

Divergence: 

See  Beam  divergence. 

Double  crucible  method: 

A  method  of  fabricating  an  optical  waveguide  by 
melting  core  and  clad  glasses  in  two  suitably 
joined  concentric  crucibles  and  then  drawing  a  fi- 
ber from  the  combined  melted  glass.  See  also: 
Chemical  vapor  deposition  technique. 

D-star: 

See  D*. 

Effective  mode  volume: 

The  square  of  the  product  of  the  diameter  of  the 
near-field  pattern  and  the  sine  of  the  radiation  an- 
gle of  the  far-field  pattern.  The  diameter  of  the 
near-field  radiation  pattern  is  defined  here  as  the 
full  width  at  half  maximum  and  the  radiation  an- 
gle at  half  maximum  intensity. 
Note.  Effective  mode  volume  is  proportional  to  the 
breadth  of  the  relative  distribution  of  power 
amongst  modes  in  a  multimode  fiber.  It  is  not  truly 
a  spatial  volume  but  rather  an  "optical  volume" 
equal  to  the  product  of  area  and  solid  angle.  See 
also:  Mode  volume;  Radiation  pattern. 

Electroluminescence: 

Nonthermal  conversion  of  electrical  energy  into 
light.  One  example  is  the  photon  emission  result- 
ing from  electron-hole  recombination  in  a  pn  junc- 
tion such  as  in  a  light  emitting  diode.  See  also: 
Injection  laser  diode. 

Electro-optic  effect: 

A  change  in  the  refractive  index  of  a  material  un- 
der the  influence  of  an  electric  field. 
Note  1.  Pockels  and  Kerr  effects  are  electro-optic 
effects  that  are  respectively  linear  and  quadratic 
in  the  electric  field  strength. 
Note  2.  Electro-optic  is  often  erroneously  used  as 
a  synonym  for  optoelectronic.  See  also: 
Optoelectronic. 

Emissivity: 

The  ratio  of  power  radiated  by  a  substance  to  the 
power  radiated  by  a  blackbody  at  the  same  tem- 


perature. Emissivity  is  a  function  of  wavelength 
and  temperature.  See  also:  Blackbody. 

Equilibrium  coupling  length: 

Synonym  for  Equilibrium  length. 

Equilibrium  length: 

For  a  specific  excitation  condition,  the  length  of 
multimode  optical  waveguide  necessary  to  attain 
equilibrium  mode  distribution. 
Note.  The  term  is  sometimes  used  to  refer  to  the 
longest  such  length,  as  would  result  from  a  worst- 
case,  but  undefined  excitation.  Synonyms:  Equilib- 
rium coupling  length;  Equilibrium  mode  distribu- 
tion length.  See  also:  Equilibrium  mode 
distribution;  Mode  coupling. 

Equilibrium  mode  distribution: 

The  condition  in  a  multimode  optical  waveguide  in 
which  the  relative  power  distribution  among  the 
propagating  modes  is  independent  of  length. 
Synomym:  Steady-state  condition.  See  also:  Equi- 
librium length;  Mode;  Mode  coupling. 

Equilibrium  mode  distribution  length: 

Synonym  for  Equilibrium  length. 

Equilibrium  mode  simulator: 

A  device  or  optical  system  used  to  create  an  ap- 
proximation of  the  equilibrium  mode  distribution. 
See  also:  Equilibrium  mode  distribution;  Mode  fil- 
ter. 

Evanescent  field: 

A  time  varying  electromagnetic  field  whose  ampli- 
tude decreases  monotonically,  but  without  an  ac- 
companying phase  shift,  in  a  particular  direction 
is  said  to  be  evanescent  in  that  direction. 

Excess  insertion  loss: 

In  an  optical  waveguide  coupler,  the  optical  loss 
associated  with  that  portion  of  the  light  which 
does  not  emerge  from  the  nominally  operational 
ports  of  the  device.  See  also;  Optical  waveguide 
coupler. 

Extrinsic  joint  loss: 

That  portion  of  joint  loss  that  is  not  intrinsic  to 
the  fibers  (i.e.,  loss  caused  by  imperfect  jointing). 
See  also:  Angular  misalignment  loss;  Gap  loss;  In- 
trinsic joint  loss;  Lateral  offset  loss. 

Far-field  diffraction  pattern: 

The  diffraction  pattern  of  a  source  (such  as  an 
LED,  ILD,  or  the  output  end  of  an  optical 
waveguide)  observed  at  an  infinite  distance  from 
the  source.  Theoretically,  a  far-field  pattern  exists 
at  distances  that  are  large  compared  with  s2/X, 
where  s  is  a  characteristic  dimension  of  the  source 
and  A  is  the  wavelength.  Example:  If  the  source  is 
a  uniformly  illuminated  circle,  then  s  is  the  radios 
of  the  circle. 
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Note.  The  far-field  diffraction  pattern  of  a  source 
may  be  observed  at  infinity  or  (except  for  scale) 
in  the  focal  plane  of  a  well-corrected  lens.  The  far- 
field  pattern  of  a  diffracting  screen  illuminated  by 
a  point  source  may  be  observed  in  the  image  plane 
of  the  source.  Synonym:  Fraunhofer  diffraction 
pattern.  See  also:  Diffraction;  Diffraction  limited. 

Far-field  pattern: 

Synonym  for  Far-field  radiation  pattern. 

Far-field  radiation  pattern: 

See  Radiation  pattern. 

Far-field  region: 

The  region,  far  from  a  source,  where  the  diffrac- 
tion pattern  is  substantially  the  same  as  that  at 
infinity.  See  also:  Far-field  diffraction  pattern. 

FDHM: 

Abbreviation  for  full  duration  at  half  maximum. 
See  also:  Full  width  (duration)  half  maximum. 

Ferrule: 

A  mechanical  fixture,  generally  a  rigid  tube,  used 
to  confine  the  stripped  end  of  a  fiber  bundle  or  a 
fiber.  See  also:  Fiber  bundle. 
Note  1.  Typically,  individual  fibers  of  a  bundle  are 
cemented  together  within  a  ferrule  of  a  diameter 
designed  to  yield  a  maximum  packing  fraction.  See 
also:  Packing  fraction. 

Note  2.  Nonrigid  materials  such  as  shrink  tubing 
may  also  be  used  for  ferrules  for  special  applica- 
tions. See  also:  Reference  surface. 

FET  photodetector: 

A  photodetector  employing  photogeneration  of 
carriers  in  the  channel  region  of  an  FET  structure 
to  provide  photodetection  with  current  gain.  See 
also:  Photocurrent;  Photodiode. 

Fiber: 

See  Optical  fiber. 

Fiber  axis: 

The  line  connecting  the  centers  of  the  circles  that 
circumscribe  the  core,  as  defined  under  Tolerance 
field.  Synonym:  Optical  axis.  See  also:  Tolerance 
field. 

Fiber  bandwidth: 

The  lowest  frequency  at  which  the  magnitude  of 
the  fiber  transfer  function  decreases  to  a  specified 
fraction  of  the  zero  frequency  value.  Often,  the 
specified  value  is  one-half  the  optical  power  at  zero 
frequency.  See  also:  Transfer  function. 

Fiber  buffer: 

A  material  that  may  be  used  to  protect  an  optical 
fiber  waveguide  from  physical  damage,  providing 
mechanical  isolation  and/or  protection. 


Note.  Cable  fabrication  techniques  vary,  some  re- 
sulting in  firm  contact  between  fiber  and  protec- 
tive buffering,  others  resulting  in  a  loose  fit, 
permitting  the  fiber  to  slide  in  the  buffer  tube. 
Multiple  buffer  layers  may  be  used  for  added  fiber 
protection.  See  also:  Fiber  bundle. 

Fiber  bundle: 

An  assembly  of  unbuffered  optical  fibers.  Usually 
used  as  a  single  transmission  channel,  as  opposed 
to  multifiber  cables,  which  contain  optically  and 
mechanically  isolated  fibers,  each  of  which  pro- 
vides a  separate  channel. 

Note  1.  Bundles  used  only  to  transmit  light,  as  in 
optical  communications,  are  flexible  and  are  typi- 
cally unaligned. 

Note  2.  Bundles  used  to  transmit  optical  images 
may  be  either  flexible  or  rigid,  but  must  contain 
aligned  fibers.  See  also:  Aligned  bundle;  Ferrule; 
Fiber  optics;  Multifiber  cable;  Optical  cable;  Opti- 
cal fiber;  Packing  fraction. 

Fiber  optics  (FO): 

The  branch  of  optical  technology  concerned  with 
the  transmission  of  radiant  power  through  fibers 
made  of  transparent  materials  such  as  glass,  fused 
silica,  or  plastic. 

Note  1.  Telecommunication  applications  of  fiber 
optics  employ  flexible  fibers.  Either  a  single  dis- 
crete fiber  or  a  nonspatially  aligned  fiber  bundle 
may  be  used  for  each  information  channel.  Such 
fibers  are  often  referred  to  as  "optical 
waveguides"  to  differentiate  from  fibers  employed 
in  noncommunications  applications. 
Note  2.  Various  industrial  and  medical  applica- 
tions employ  (typically  high-loss)  flexible  fiber 
bundles  in  which  individual  fibers  are  spatially 
aligned,  permitting  optical  relay  of  an  image.  An 
example  is  the  endoscope. 

Note  3.  Some  specialized  industrial  applications 
employ  rigid  (fused)  aligned  fiber  bundles  for  im- 
age transfer.  An  example  is  the  fiber  optics  face- 
plate used  on  some  high-speed  oscilloscopes. 

Flux: 

Obsolete  synonym  for  Radiant  power. 

Fraunhofer  diffraction  pattern: 

Synonym  for  Far-field  diffraction  pattern. 

Frequency  response: 

Synonym  for  Transfer  function  (of  a  device). 

Fresnel  diffraction  pattern: 

Synonym  for  Near-field  diffraction  pattern. 

Fresnel  reflection: 

The  reflection  of  a  portion  of  the  light  incident  on 
a  planar  interface  between  two  homogeneous  me- 
dia having  different  refractive  indices. 
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Note  1.  Fresnel  reflection  occurs  at  the  air-glass 
interfaces  at  entrance  and  exit  ends  of  an  optical 
waveguide.  Resultant  transmission  losses  (on  the 
order  of  4%  per  interface)  can  be  virtually  elimi- 
nated by  use  of  antireflection  coatings  or  index 
matching  materials. 

Note  2.  Fresnel  reflection  depends  upon  the  index 
difference  and  the  angle  of  incidence;  it  is  zero  at 
Brewster's  angle  for  one  polarization.  In  optical  el- 
ements, a  thin  transparent  film  is  sometimes  used 
to  give  an  additional  Fresnel  reflection  that  can- 
cels the  original  one  by  interference.  This  is  called 
an  antireflection  coating.  See  also:  Antireflection 
coating;  Brewster's  angle;  Index  matching  materi- 
al; Reflectance;  Reflection;  Refractive  index. 

Fresnel  reflection  method: 

The  method  for  measuring  the  index  profile  of  an 
optical  fiber  by  measuring  the  reflectance  as  a 
function  of  position  on  the  end  face.  See  also:  Fres- 
nel reflection;  Index  profile;  Reflectance. 

Full  width  (duration)  half  maximum: 

A  measure  of  the  extent  of  a  function.  Given  by 
the  difference  between  the  two  extreme  values  of 
the  independent  variable  at  which  the  dependent 
variable  is  equal  to  half  of  its  maximum  value.  The 
term  "duration"  is  preferred  when  the  indepen- 
dent variable  is  time. 

Note.  Commonly  applied  to  the  duration  of  pulse 
waveforms,  the  spectral  extent  of  emission  or  ab- 
sorption lines,  and  the  angular  or  spatial  extent 
of  radiation  patterns. 

Fundamental  mode: 

The  lowest  order  mode  of  a  waveguide.  In  fibers, 
the  mode  designated  LP0i  or  HEn.  See  also:  Mode. 

Fused  quariz: 

Glass  made  by  melting  natural  quartz  crystals;  not 
as  pure  as  vitreous  silica.  See  also:  Vitreous  silica. 

Fused  silica: 

Synonym  for  Vitreous  silica.  See  also:  Fused 
quartz. 

Fusion  splice: 

A  splice  accomplished  by  the  application  of  local- 
ized heat  sufficient  to  fuse  or  melt  the  ends  of  two 
lengths  of  optical  fiber,  forming  a  continuous,  sin- 
gle fiber. 

FWHM: 

Abbreviation  for  full  width  at  half  maximum.  See 
also:  Full  width  (duration)  half  maximum. 

Gap  loss: 

That  optical  power  loss  caused  by  a  space  between 
axially  aligned  fibers. 

Note.  For  waveguide-to-waveguide  coupling,  it  is 
commonly  called  "longitudinal  offset  loss."  See 
also:  Coupling  loss. 


Gaussian  beam: 

A  beam  of  light  whose  electric  field  amplitude  dis- 
tribution is  gaussian.  When  such  a  beam  is  circu- 
lar in  cross  section,  the  amplitude  is 

E(r)    =    E(0)  exp  [-(r/w)2], 

where  r  is  the  distance  from  beam  center  and  w 
is  the  radius  at  which  the  amplitude  is  1/e  of  its 
value  on  the  axis;  w  is  called  the  beamwidth.  See 
also:  Beam  diameter. 

Gaussian  pulse: 

A  pulse  that  has  the  waveform  of  a  gaussian  dis- 
tribution. In  the  time  domain,  the  waveform  is 

f(t)  =  A  exp  [-(t/a)2], 

where  A  is  a  constant,  and  a  is  the  pulse  half  dura- 
tion at  the  1/e  points.  See  also:  Full  width  (dura- 
tion) half  maximum. 

Geometric  optics: 

The  treatment  of  propagation  of  light  as  rays. 
Note.  Rays  are  bent  at  the  interface  between  two 
dissimilar  media  or  may  be  curved  in  a  medium  in 
which  refractive  index  is  a  function  of  position. 
See  also:  Axial  ray;  Meridional  ray;  Optical  axis; 
Paraxial  ray;  Physical  optics;  Skew  ray. 

Graded  index  optical  waveguide: 

A  waveguide  having  a  graded  index  profile  in  the 
core.  See  also:  Graded  index  profile;  Step  index  op- 
tical waveguide. 

Graded  index  profile: 

Any  refractive  index  profile  that  varies  with  radi- 
us in  the  core.  Distinguished  from  a  step  index  pro- 
file. See  also:  Dispersion;  Mode  volume;  Multimode 
optical  waveguide;  Normalized  frequency;  Optical 
waveguide;  Parabolic  profile;  Profile  dispersion; 
Profile  parameter;  Refractive  index;  Step  index 
profile;  Power-law  index  profile. 

Group  index  (Denoted  N): 

For  a  given  mode  propagating  in  a  medium  of  re- 
fractive index  n,  the  velocity  of  light  in  vacuum, 
c,  divided  by  the  group  velocity  of  the  mode.  For 
a  plane  wave  of  wavelength  X,  it  is  related  thus  to 
the  refractive  index: 

N  =  n  —  X  (dn/dX) 

See  also:  Group  velocity;  Material  dispersion  pa- 
rameter. 

Group  velocity: 

1.  For  a  particular  mode,  the  reciprocal  of  the  rate, 
of  change  of  the  phase  constant  with  respect  to  an- 
gular frequency. 
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Note.  The  group  velocity  equals  the  phase  velocity 
if  the  phase  constant  is  a  linear  function  of  the 
angular  frequency. 
2.  Velocity  of  the  signal  modulating  a  propagating 
electromagnetic  wave.  See  also:  Differential  mode 
delay;  Group  index;  Phase  velocity. 

Guided  mode: 

Synonym  for  Bound  mode. 

Guided  ray: 

In  an  optical  waveguide,  a  ray  that  is  completely 
confined  to  the  core.  Specifically,  a  ray  at  radial 
position  r  having  direction  such  that 

0  <  sin  0(r)  <  [n2(r)  -  n2(a)]1/2 

where  0(r)  is  the  angle  the  ray  makes  with  the 
waveguide  axis,  n(r)  is  the  refractive  index,  and 
n(a)  is  the  refractive  index  at  the  core  radius. 
Guided  rays  correspond  to  bound  (or  guided) 
modes  in  the  terminology  of  mode  descriptors. 
Synonyms:  Bound  ray;  Trapped  ray.  See  also: 
Bound  mode;  Leaky  ray. 

HE,,  mode: 

Designation  for  the  fundamental  mode  of  an  opti- 
cal fiber.  See  Fundamental  mode. 

Heterojunction: 

A  junction  between  semiconductors  that  differ  in 
their  doping  level  conductivities,  and  also  in  their 
atomic  or  alloy  compositions.  See  also: 
Homoj  unction. 

Homogeneous  cladding: 

That  part  of  the  cladding  wherein  the  refractive 
index  is  constant  within  a  specified  tolerance,  as 
a  function  of  radius.  See  also:  Cladding;  Tolerance 
field. 

Homojunction: 

A  junction  between  semiconductors  that  differ  in 
their  doping  level  conductivities  but  not  in  their 
atomic  or  alloy  compositions.  See  also: 
Heterojunction. 

Hybrid  mode: 

A  mode  possessing  components  of  both  electric 
and  magnetic  field  vectors  in  the  direction  of  prop- 
agation. 

Note.  Such  modes  correspond  to  skew  (non- 
meridional)  rays.  See  also:  Mode;  Skew  ray;  Trans- 
verse electric  mode;  Transverse  magnetic  mode. 

ILD: 

Abbreviation  for  Injection  laser  diode. 

Impulse  response: 

The  function  h(t)  describing  the  response  of  an  ini- 
tially relaxed  system  to  an  impulse  (Dirac-delta) 


function  applied  at  time  t  =  0.  The  root-mean- 
square  (rms)  duration,  arms,  of  the  impulse  re- 
sponse is  often  used  to  characterize  a  component 
or  system  through  a  single  parameter  rather  than 
a  function: 


oo 

oTms  =  [l/M0  /  (T-t)2h(t)dt]1/2 

—  oo 
oo 

where  M0  =  J  h(t)  dt 

—  oo 
oo 

T  =  1/M0  J  th(t)  dt. 

—  oo 

Note.  The  impulse  response  may  be  obtained  by 
deconvolving  the  input  waveform  from  the  output 
waveform,  or  as  the  inverse  Fourier  transform  of 
the  transfer  function.  See  also:  Root-mean-square 
(rms)  pulse  duration;  Transfer  function. 

Inclusion: 

Denoting  the  presence  of  extraneous  or  foreign 
material. 

Incoherent: 

Characterized  by  a  degree  of  coherence  signifi- 
cantly less  than  0.88.  See  also:  Coherent;  Degree 
of  coherence. 

Index  dip: 

A  decrease  in  the  refractive  index  at  the  center  of 
the  core,  caused  by  certain  fabrication  techniques. 
Sometimes  called  profile  dip.  See  also:  Refractive 
index  profile. 

A  material,  often  a  liquid  or  cement,  whose  refrac- 
tive index  is  nearly  equal  to  the  core  index,  used 
to  reduce  Fresnel  reflections  from  a  fiber  end  face. 
See  also:  Fresnel  reflection;  Mechanical  splice;  Re- 
fractive index. 

Index  of  refraction: 

Synonym  for  Refractive  index  (of  a  medium). 

Index  profile: 

In  an  optical  waveguide,  the  refractive  index  as  a 
function  of  radius.  See  also:  Graded  index  profile; 
Parabolic  profile;  Power-law  index  profile;  Profile 
dispersion;  Profile  dispersion  parameter;  Profile 
parameter;  Step  index  profile. 

Infrared  (IR): 

The  region  of  the  electromagnetic  spectrum  be- 
tween the  long-wavelength  extreme  of  the  visible 
spectrum  (about  0.7  ^m)  and  the  shortest  micro- 
waves (about  1  mm). 
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Injection  fiber: 

Synonym  for  Launching  fiber. 

Injection  laser  diode  (ILD): 

A  laser  employing  a  forward-biased  semiconduc- 
tor junction  as  the  active  medium.  Synonyms:  Di- 
ode laser;  Semiconductor  laser.  See  also:  Active 
laser  medium;  Chirping;  Laser;  Superradiance. 

Insertion  loss: 

The  total  optical  power  loss  caused  by  the  inser- 
tion of  an  optical  component  such  as  a  connector, 
splice,  or  coupler. 

Integrated  optical  circuit  (IOC): 

An  optical  circuit,  either  monolithic  or  hybrid, 
composed  of  active  and  passive  components,  used 
for  coupling  between  optoelectronic  devices  and 
providing  signal  processing  functions. 

Intensity: 

The  square  of  the  electric  field  amplitude  of  a  light 
wave.  Intensity  is  proportional  to  irradiance  and 
may  be  used  in  place  of  the  term  "irradiance" 
when  only  relative  values  are  important.  See  also: 
Irradiance;  Radiant  intensity;  Radiometry. 

Interference: 

In  optics,  the  interaction  of  two  or  more  beams  of 
coherent  or  partially  coherent  light.  See  also:  Co- 
herent; Degree  of  coherence;  Diffraction. 

Interference  filter: 

An  optical  filter  consisting  of  one  or  more  thin  lay- 
ers of  dielectric  or  metallic  material.  See  also:  Di- 
chroic  filter;  Interference;  Optical  filter. 

Interferometer: 

An  instrument  that  employs  the  interference  of 
light  waves  for  purposes  of  measurement.  See  also: 
Interference. 

Intermodal  distortion: 

Synonym  for  Multimode  distortion. 

Intramodal  distortion: 

That  distortion  resulting  from  dispersion  of  group 
velocity  of  a  propagating  mode.  It  is  the  only  dis- 
tortion occurring  in  single  mode  waveguides.  See 
also:  Dispersion;  Distortion. 

Intrinsic  joint  loss: 

That  loss,  intrinsic  to  the  fiber,  caused  by  fiber  pa- 
rameter (e.g.,  core  dimensions,  profile  parameter) 
mismatches  when  two  nonidentical  fibers  are 
joined.  See  also:  Angular  misalignment  loss;  Ex- 
trinsic joint  loss;  Gap  loss;  Lateral  offset  loss. 

IOC: 

Abbreviation  for  Integrated  optical  circuit. 


Ion  exchange  technique: 

A  method  of  fabricating  a  graded  index  optical 
waveguide  by  an  ion  exchange  process.  See  also: 
Chemical  vapor  deposition  technique;  Double  cru- 
cible method;  Graded  index  profile. 

IR: 

Abbreviation  for  Infrared. 
Irradiance: 

Radiant  power  incident  per  unit  area  upon  a  sur- 
face, expressed  in  watts  per  square  meter.  "Power 
density"  is  colloquially  used  as  a  synonym.  See 
also:  Radiometry. 

Isolator: 

A  device  intended  to  prevent  return  reflections 
along  a  transmission  path. 

Note.  The  Faraday  isolator  uses  the  magneto-optic 
effect. 

Isotropic: 

Pertaining  to  a  material  whose  electrical  or  optical  J 
properties  are  independent  of  direction  of  propa-  j 
gation  and  of  polarization  of  a  traveling  wave.  See  i 
also:  Anisotropic;  Birefringent  medium. 

Lambert's  cosine  law: 

The  statement  that  the  radiance  of  certain  ideal-  j 
ized  surfaces,  known  as  Lambertian  radiators, 
Lambertian  sources,  or  Lambertian  reflectors,  is  1 
independent  of  the  angle  from  which  the  surface 
is  viewed. 

Note.  The  radiant  intensity  of  such  a  surface  is 
maximum  normal  to  the  surface  and  decreases  in 
proportion  to  the  cosine  of  the  angle  from  the  nor- 
mal. Synonym:  Cosine  emission  law. 

Lambertian  radiator: 

See  Lambert's  cosine  law. 

Lambertian  reflector: 

See  Lambert's  cosine  law. 

Lambertian  source: 

See  Lambert's  cosine  law. 

Laser: 

A  device  that  produces  optical  radiation  using  a 
population  inversion  to  provide  Light  Amplifica- 
tion by  Stimulated  Emission  of  Radiation  and 
(generally)  an  optical  resonant  cavity  to  provide 
positive  feedback.  Laser  radiation  may  be  highly 
coherent  temporally,  or  spatially,  or  both.  See  also:[ 
Active  laser  medium;  Injection  laser  diode;  Optical 
cavity. 


Laser  diode: 

Synonym  for  Injection  laser  diode. 

Laser  medium: 

Synonym  for  Active  laser  medium. 


Losing  threshold: 

The  lowest  excitation  level  at  which  a  laser's  out- 
put is  dominated  by  stimulated  emission  rather 
than  spontaneous  emission.  See  also:  Laser;  Spon- 
taneous emission;  Stimulated  emission. 

Lateral  offset  loss: 

A  power  loss  caused  by  transverse  or  lateral  devia- 
tion from  optimum  alignment  of  source  to  optical 
waveguide,  waveguide  to  waveguide,  or  waveguide 
to  detector.  Synonym:  Transverse  offset  loss. 

Launch  angle: 

The  angle  between  the  light  input  propagation  vec- 
tor and  the  optical  axis  of  an  optical  fiber  or  fiber 
bundle.  See  also:  Launch  numerical  aperture. 

I     Launch  numerical  aperture  (LNA): 

The  numerical  aperture  of  an  optical  system  used 
to  couple  (launch)  power  into  an  optical 
waveguide. 

Note  1.  LNA  may  differ  from  the  stated  NA  of  a 
final  focusing  element  if,  for  example,  that  ele- 
ment is  underfilled  or  the  focus  is  other  than  that 
for  which  the  element  is  specified. 
Note  2.  LNA  is  one  of  the  parameters  that  deter- 
mine the  initial  distribution  of  power  among  the 
modes  of  an  optical  waveguide.  See  also:  Accep- 
tance angle;  Launch  angle. 

Launching  fiber: 

A  fiber  used  in  conjunction  with  a  source  to  excite 
>  the  modes  of  another  fiber  in  a  particular  fashion. 
Note.  Launching  fibers  are  most  often  used  in  test 
systems  to  improve  the  precision  of  measure- 
ments. Synonym:  Injection  fiber.  See  also:  Mode; 
Pigtail. 
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Leaky  mode: 

In  an  optical  waveguide,  a  mode  whose  field  decays 
monotonically  for  a  finite  distance  in  the  trans- 
verse direction  but  which  becomes  oscillatory  ev- 
erywhere beyond  that  finite  distance.  Specifically, 
a  mode  for  which 

[n2(a)k2  -  (C/a)2]172  <  0  <  n(a)k 

where  (3  is  the  imaginary  part  (phase  term)  of  the 
axial  propagation  constant,  C  is  the  azimuthal  in- 
dex of  the  mode,  n(a)  is  the  refractive  index  at 
r  =  a,  the  core  radius,  and  k  is  the  free-space 
Ij  wavenumber,  2tt/X,  and  A  is  the  wavelength.  Leaky 
modes  correspond  to  leaky  rays  in  the  terminology 
of  geometric  optics. 

Note.  Leaky  modes  experience  attenuation,  even  if 
j     the  waveguide  is  perfect  in  every  respect.  Syn- 
onym: Tunnelling  mode.  See  also:  Bound  mode; 
Cladding  mode;  Leaky  ray;  Mode;  Unbound  mode. 

Leaky  ray: 

In  an  optical  waveguide,  a  ray  for  which  geometric 
optics  would  predict  total  internal  reflection  at  the 
core  boundary,  but  which  suffers  loss  by  virtue  of 
the  curved  core  boundary.  Specifically,  a  ray  at  ra- 
dial position  r  having  direction  such  that 


n2(r)  -  n2(a)  <  sin20(r) 
and 

sin20(r)  <  [n2(r)-n2(a)]  /  [l-(r/a)2cos2</>(r)] 

where  0(r)  is  the  angle  the  ray  makes  with  the 
waveguide  axis,  n(r)  is  the  refractive  index,  a  is  the 
core  radius,  and  </>(r)  is  the  azimuthal  angle  of  the 
projection  of  the  ray  on  the  transverse  plane. 
Leaky  rays  correspond  to  leaky  (or  tunnelling) 
modes  in  the  terminology  of*  mode  descriptors. 
Synonym:  Tunnelling  ray.  See  also:  Bound  mode; 
Cladding  ray;  Guided  ray;  Leaky  mode. 

LED: 

Abbreviation  for  Light  emitting  diode. 
Light: 

1.  In  a  strict  sense,  the  region  of  the  electromagnetic 
spectrum  that  can  be  perceived  by  human  vision, 
-designated  the  visible  spectrum  and  nominally 
covering  the  wavelength  range  of  O.Vm  to  O.Tum. 

2.  In  the  laser  and  optical  communication  fields,  cus- 
tom and  practice  have  extended  usage  of  the  term 
to  include  the  much  broader  portion  of  the  electro- 
magnetic spectrum  that  can  be  handled  by  the  ba- 
sic optical  techniques  used  for  the  visible 
spectrum.  This  region  has  not  been  clearly  defined 
but,  as  employed  by  most  workers  in  the  field,  may 
be  considered  to  extend  from  the  near-ultraviolet 
region  of  approximately  0.3/iim,  through  the  visible 
region,  and  into  the  mid-infrared  region  to  30/im. 
See  also:  Infrared  (IR);  Optical  spectrum;  Ultravi- 
olet (UV). 

Liglh*  current: 
See  Photocurrent. 

Light  emitting  diode  (LED): 

A  pn  junction  semiconductor  device  that  emits  in- 
coherent optical  radiation  when  biased  in  the  for- 
ward direction.  See  also:  Incoherent. 

Light  ray: 

The  path  of  a  point  on  a  wavefront.  The  direction 
of  a  light  ray  is  generally  normal  to  the  wavefront. 
See  also:  Geometric  optics. 

Lightguide: 

Synonym  for  Optical  waveguide. 

Line  source: 

1.  In  the  spectral  sense,  an  optical  source  that  emits 
one  or  more  spectrally  narrow  lines  as  opposed  to 
a  continuous  spectrum.  See  also:  Monochromatic. 

2.  In  the  geometric  sense,  an  optical  source  whose  ac- 
tive (emitting)  area  forms  a  spatially  narrow  line. 

Line  spectrum: 

An  emission  or  absorption  spectrum  consisting  of 
one  or  more  narrow  spectral  lines,  as  opposed  to 
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a  continuous  spectrum.  See  also:  Monochromatic; 
Spectral  line;  Spectral  width. 

Linear  element: 

A  device  for  which  the  output  electric  field  is  lin- 
early proportional  to  the  input  electric  field  and 
no  new  wavelengths  or  modulation  frequencies  are 
generated.  A  linear  element  can  be  described  in 
terms  of  a  transfer  function  or  an  impulse  re- 
sponse function. 

Linearly  polarized  (LP)  mode: 

A  mode  for  which  the  field  components  in  the  di- 
rection of  propagation  are  small  compared  to  com- 
ponents perpendicular  to  that  direction. 
Note.  The  LP  description  is  an  approximation 
which  is  valid  for  weakly  guiding  waveguides,  in- 
cluding typical  telecommunication  grade  fibers. 
See  also:  Mode;  Weakly  guiding  fiber. 

Linewidth: 

See  Spectral  width. 

LNA: 

Abbreviation  for  Launch  numerical  aperture. 

Longitudinal  offset  loss: 

See  Gap  loss. 

Loss: 

See  Absorption;  Angular  misalignment  loss;  At- 
tenuation; Backscattering;  Differential  mode  at- 
tenuation; Extrinsic  joint  loss;  Gap  loss;  Insertion 
loss;  Intrinsic  joint  loss;  Lateral  offset  loss; 
Macrobend  loss;  Material  scattering;  Microbend 
loss;  Nonlinear  scattering;  Rayleigh  scattering; 
Reflection;  Transmission  loss;  Waveguide  scatter- 
ing. 

LP  mode: 

Abbreviation  for  Linearly  polarized  mode. 
LP0i  mode: 

Designation  of  the  fundamental  LP  mode.  See 
Fundamental  mode. 

Macrobend  loss: 

In  an  optical  waveguide,  that  loss  attributable  to 
macrobending.  Macrobending  usually  causes  little 
or  no  radiative  loss.  Synonym:  Curvature  loss.  See 
also:  Macrobending;  Microbend  loss. 

Macrobending: 

In  an  optical  waveguide,  all  macroscopic  devia- 
tions of  the  axis  from  a  straight  line;  distinguished 
from  microbending.  See  also:  Macrobend  loss; 
Microbend  loss;  Microbending. 

Magneto-optic: 

Pertaining  to  a  change  in  a  material's  refractive 
index  under  the  influence  of  a  magnetic  field.  Mag- 


neto-optic materials  generally  are  used  to  rotate 
the  plane  of  polarization. 

Material  absorption: 

See  Absorption. 

Material  dispersion: 

That  dispersion  attributable  to  the  wavelength  de- 
pendence of  the  refractive  index  of  material  used 
to  form  the  waveguide.  Material  dispersion  is 
characterized  by  the  material  dispersion  parame- 
ter M.  See  also:  Dispersion;  Distortion;  Material 
dispersion  parameter;  Profile  dispersion  parame- 
ter; Waveguide  dispersion. 

Material  dispersion  parameter  (M): 

M(X)  =  -1/c  (dN/dX)    =    X/c  (d2n/dX2) 

where  n  is  the  refractive  index, 

N  is  the  group  index:  N  =  n  — X(dn/dX), 

X  is  the  wavelength,  and 

c  is  the  velocity  of  light  in  vacuum. 

Note  1.  For  many  optical  waveguide  materials,  M 

is  zero  at  a  specific  wavelength  X0,  usually  found  ' 

in  the  1.2  to  l.S^m  range.  The  sign  convention  is  J 

such  that  M  is  positive  for  wavelengths  shorter  j 

than  X0  and  negative  for  wavelengths  longer  than 

Xo. 

Note  2.  Pulse  broadening  caused  by  material  dis- 
persion in  «  unit  length  of  optical  fiber  is  given  by; 
M  times  spectral  linewidth  (AX),  except  at  X=X0, 
where  terms  proportional  to  (AX)2  are  important,  j 
(See  Note  1.)  See  also:  Group  index;  Material  dis- ! 
persion. 

Material  scattering: 

In  an  optical  waveguide,  that  part  of  the  total  scat- 
tering  attributable  to  the  properties  of  the  materi- 
als used  for  waveguide  fabrication.  See  also: 
Rayleigh  scattering;  Scattering;  Waveguide  scat- 
tering. 

Mechanical  splice: 

A  fiber  splice  accomplished  by  fixtures  or  materi- 
als, rather  than  by  thermal  fusion.  Index  matching 
material  may  be  applied  between  the  two  fibei 
ends.  See  also:  Fusion  splice;  Index  matching  ma- 
terial; Optical  waveguide  splice. 

Meridional  ray: 

A  ray  that  passes  through  the  optical  axis  of  arn1  | 
optical  waveguide  (in  contrast  with  a  skew  ray| 
which  does  not).  See  also:  Axial  ray;  Geometric  op 
tics;  Numerical  aperture;  Optical  axis;  Paraxia 
ray;  Skew  ray.  h  \ 

Microbend  loss: 

In  an  optical  waveguide,  that  loss  attributable  U  |( 
microbending.  See  also:  Macrobend  loss. 
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Microbending: 

In  an  optical  waveguide,  sharp  curvatures  involv- 
ing local  axial  displacements  of  a  few  micrometers 
and  spatial  wavelengths  of  a  few  millimeters.  Such 
bends  may  result  from  waveguide  coating,  cabling, 
packaging,  installation,  etc. 

Note.  Microbending  can  cause  significant  radia- 
tive losses  and  mode  coupling.  See  also: 
Macrobending. 

Misalignment  loss: 

See  Angular  misalignment  loss;  Gap  loss;  Lateral 
offset  loss. 

Modal  noise: 

Noise  generated  in  an  optical  fiber  system  by  the 
combination  of  mode  dependent  optical  losses  and 
fluctuation  in  the  distribution  of  optical  energy 
among  the  guided  modes  or  in  the  relative  phases 
of  the  guided  modes.  Synonym:  Speckle  noise.  See 
also:  Mode. 

Mode: 

In  any  cavity  or  transmission  line,  one  of  those 
electromagnetic  field  distributions  that  satisfies 
Maxwell's  equations  and  the  boundary  conditions. 
The  field  pattern  of  a  mode  depends  on  the  wave- 
length, refractive  index,  and  cavity  or  waveguide 
geometry.  See  also:  Bound  mode;  Cladding  mode; 
Differential  mode  attenuation;  Differential  mode 
delay;  Equilibrium  mode  distribution;  Equilibri- 
um mode  simulator;  Fundamental  mode;  Hybrid 
mode;  Leaky  modes;  Linearly  polarized  mode; 
Mode  volume;  Multimode  distortion;  Multimode 
laser;  Multimode  optical  waveguide;  Single  mode 
optical  waveguide;  Transverse  electric  mode; 
Transverse  magnetic  mode;  Unbound  mode. 

Mode  coupling: 

In  an  optical  waveguide,  the  exchange  of  power 
among  modes.  The  exchange  of  power  may  reach 
statistical  equilibrium  after  propagation  over  a  fi- 
nite distance  that  is  designated  the  equilibrium 
length.  See  also:  Equilibrium  length;  Equilibrium 
mode  distribution;  Mode;  Mode  scrambler. 

Mode  dispersion: 

Often  erroneously  used  as  a  synonym  for 
Multimode  distortion. 

Mode  (or  modal)  distortion: 

Synonym  for  Multimode  distortion. 

Mode  filter: 

A  device  used  to  select,  reject,  or  attenuate  a  cer- 
tain mode  or  modes. 

Mode  mixer: 

Synonym  for  Mode  scrambler. 

Mode  scrambler: 

1.  A  device  for  inducing  mode  coupling  in  an  optical 
fiber. 


2.  A  device  composed  of  one  or  more  optical  fibers  in 
which  strong  mode  coupling  occurs. 
Note.  Frequently  used  to  provide  a  mode  distribu- 
tion that  is  independent  of  source  characteristics 
or  that  meets  other  specifications.  Synonym:  Mode 
mixer.  See  also:  Mode  coupling. 

Mode  stripper: 

See  Cladding  mode  stripper. 

Mode  volume: 

The  number  of  bound  modes  that  an  optical 
waveguide  is  capable  of  supporting;  for  V>5,  ap- 
proximately given  by  V2/2  and  (V2/2)[g/(g+2)], 
respectively,  for  step  index  and  power-law  profile 
waveguides,  where  g  is  the  profile  parameter,  and 
V  is  normalized  frequency.  See  also:  Effective 
mode  volume;  Mode;  Normalized  frequency;  Pow- 
er-law index  profile;  Step  index  profile;  V  number. 

Modulation: 

A  controlled  variation  with  time  of  any  property 
of  a  wave  for  the  purpose  of  transferring  informa- 
tion. 

Monochromatic: 

Consisting  of  a  single  wavelength  or  color.  In  prac- 
tice, radiation  is  never  perfectly  monochromatic 
but,  at  best,  displays  a  narrow  band  of  wave- 
lengths. See  also:  Coherent;  Line  source;  Spectral 
width. 

Monochromator: 

An  instrument  for  isolating  narrow  portions  of  the 
spectrum. 

Monomode  optical  waveguide: 

Synonym  for  Single  mode  optical  waveguide. 

Multifiber  cable: 

An  optical  cable  that  contains  two  or  more  fibers, 
each  of  which  provides  a  separate  information 
channel.  See  also:  Fiber  bundle;  Optical  cable  as- 
sembly. 

Multifiber  joint: 

An  optical  splice  or  connector  designed  to  mate 
two  multifiber  cables,  providing  simultaneous  op- 
tical alignment  of  all  individual  waveguides. 
Note:  Optical  coupling  between  aligned 
waveguides  may  be  achieved  by  various  techniques 
including  proximity  butting  (with  or  without  in- 
dex matching  materials),  and  the  use  of  lenses. 

Multilayer  filter: 

See  Interference  filter. 

Multimode  distortion: 

In  an  optical  waveguide,  that  distortion  resulting 
from  differential  mode  delay. 
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Note.  The  term  "multimode  dispersion"  is  often 
used  as  a  synonym;  such  usage,  however,  is  errone- 
ous since  the  mechanism  is  not  dispersive  in  na- 
ture. Synonyms:  Intermodal  distortion;  Mode  (or 
modal)  distortion.  See  also:  Distortion. 

Multimode  group  delay: 

Synonym  for  Differential  mode  delay. 

Multimode  laser: 

A  laser  that  produces  emission  in  two  or  more 
transverse  or  longitudinal  modes.  See  also:  Laser; 
Mode. 

Multimode  optical  waveguide: 

An  optical  waveguide  that  will  allow  more  than 
one  bound  mode  to  propagate. 
Note.  May  be  either  a  graded  index  or  step  index 
waveguide.  See  also:  Bound  mode;  Mode;  Mode  vol- 
ume; Multimode  distortion;  Normalized  frequency; 
Power-law  index  profile;  Single  mode  optical 
waveguide;  Step  index  optical  waveguide. 

NA: 

Abbreviation  for  Numerical  aperture. 

Near-field  diffraction  pattern: 

The  diffraction  pattern  observed  close  to  a  source 
or  aperture,  as  distinguished  from  far-field  dif- 
fraction pattern. 

Note.  The  pattern  in  the  output  plane  of  a  fiber  is 
called  the  near-field  radiation  pattern.  Synonym: 
Fresnel  diffraction  pattern.  See  also:  Diffraction; 
Far-field  diffraction  pattern;  Far-field  region. 

Near-field  pattern: 

Synonym  for  Near-field  radiation  pattern.  See  Ra- 
diation pattern. 

Near-field  region: 

The  region  close  to  a  source,  or  aperture.  The  dif- 
fraction pattern  in  this  region  typically  differs  sig- 
nificantly from  that  observed  at  infinity  and 
varies  with  distance  from  the  source.  See  also: 
Far-field  diffraction  pattern;  Far-field  region. 

Near-field  radiation  pattern: 

See  Radiation  pattern. 

Near-field  scanning: 

The  technique  for  measuring  the  index  profile  of 
an  optical  fiber  by  illuminating  the  entrance  face 
with  an  extended  source  and  measuring  the  point- 
by-point  radiance  of  the  exit  face.  See  also:  Re- 
fracted ray  method. 

Noise  equivalent  power  (NEP): 

At  a  given  modulation  frequency,  wavelength,  and 
for  a  given  effective  noise  bandwidth,  the  radiant 
power  that  produces  a  signal-to-noise  ratio  of  1  at 
the  output  of  a  given  detector. 


Note  1.  Some  manufacturers  and  authors  define 
NEP  as  the  minimum  detectable  power  per  root 
unit  bandwidth;  when  defined  in  this  way,  NEP 
has  the  units  of  watts/( hertz)172.  Therefore,  the 
term  is  a  misnomer,  because  the  units  of  power  are 
watts.  See  also:  D*;  Detectivity. 
Note  2.  Some  manufacturers  define  NEP  as  the  ra- 
diant power  that  produces  a  signal-to-dark- 
current  noise  ratio  of  unity.  This  is  misleading 
when  dark-current  noise  does  not  dominate,  as  is 
often  true  in  fiber  systems. 

Nonlinear  scattering: 

Direct  conversion  of  a  photon  from  one  wave- 
length to  one  or  more  other  wavelengths.  In  an  op- 
tical waveguide,  nonlinear  scattering  is  usually 
not  important  below  the  threshold  irradiance  for 
stimulated  nonlinear  scattering. 
Note.  Examples  are  Raman  and  Brillouin  scatter- 
ing. See  also:  Photon. 

Normalized  frequency: 

A  dimensionless  quantity  (denoted  by  V),  given  by 


where  a  is  waveguide  core  radius,  A  is  wavelength 
in  vacuum,  and  nx  and  n2  are  the  maximum  refrac-  i 
tive  index  in  the  core  and  refractive  index  of  the 
homogeneous  cladding,  respectively.  In  a  fiber 
having  a  power-law  profile,  the  approximate  num- 
ber of  bound  modes  is  (V2/2)[g/(g+2)],  where  g  is 
the  profile  parameter.  Synonym:  V  number.  See 
also:  Bound  mode;  Mode  volume;  Parabolic  profile;  I 
Power-law  index  profile;  Single  mode  optical 
waveguide. 

Numerical  aperture  (NA): 

1.  The  sine  of  the  vertex  angle  of  the  largest  cone  of 
meridional  rays  that  can  enter  or  leave  an  optical 
system  or  element,  multiplied  by  the  refractive  in- 
dex of  the  medium  in  which  the  vertex  of  the  cone 

is  located.  Generally  measured  with  respect  to  an  j 
object  or  image  point  and  will  vary  as  that  point 
is  moved. 

2.  For  an  optical  fiber  in  which  the  refractive  index 
decreases  monotonically  from  nj  on  axis  to  n2  in 
the  cladding  the  numerical  aperture  is  given  by 

NA  =  Vnf  -  nl 

3.  Colloquially,  the  sine  of  the  radiation  or  accep- 
tance angle  of  an  optical  fiber,  multiplied  by  the 
refractive  index  of  the  material  in  contact  with  the 
exit  or  entrance  face.  This  usage  is  approximate 
and  imprecise,  but  is  often  encountered.  See  also:  b 
Acceptance  angle;  Launch  numerical  aperture; 
Meridional  ray;  Radiation  angle;  Radiation  pat- 
tern. 

Optic  axis: 

In  an  anisotropic  medium,  a  direction  of  propaga- 
tion in  which  orthogonal  polarizations  have  the 
same  phase  velocity.  Distinguished  from  "optical 
axis."  See  also:  Anisotropic.  . 


Optical  axis: 

In  an  optical  waveguide,  synonymous  with  "fiber 
axis." 

Optical  blank: 

A  casting  consisting  of  an  optical  material  molded 
into  the  desired  geometry  for  grinding,  polishing, 
or  (in  the  case  of  optical  waveguides)  drawing  to 
the  final  optical/mechanical  specifications.  See 
also:  Preform. 

Optical  cable: 

A  fiber,  multiple  fibers,  or  fiber  bundle  in  a  struc- 
ture fabricated  to  meet  optical,  mechanical,  and 
environmental  specifications.  Synonym:  Optical 
fiber  cable.  See  also:  Fiber  bundle;  Optical  cable 
assembly. 

Optical  cable  assembly: 

An  optical  cable  that  is  connector  terminated. 
Generally,  an  optical  cable  that  has  been  termi- 
nated by  a  manufacturer  and  is  ready  for  installa- 
tion. See  also:  Fiber  bundle;  Optical  cable. 

Optical  cavity: 

A  region  bounded  by  two  or  more  reflecting  sur- 
faces, referred  to  as  mirrors,  end  mirrors,  or  cavity 
mirrors,  whose  elements  are  aligned  to  provide 
multiple  reflections.  The  resonator  in  a  laser  is  an 
optical  cavity.  Synonym:  Resonant  cavity.  See  also: 
Active  laser  medium;  Laser. 

Optical  combiner: 

A  passive  device  in  which  power  from  several  in- 
put fibers  is  distributed  among  a  smaller  number 
(one  or  more)  of  input  fibers.  See  also:  Star  cou- 
pler. 

Optical  conductor: 

Deprecated  synonym  for  Optical  waveguide. 

Optical  connector: 

See  Optical  waveguide  connector. 

Optical  coupler: 

See  Optical  waveguide  coupler. 

Optical  data  bus: 

An  optical  fiber  network,  interconnecting  termi- 
nals, in  which  any  terminal  can  communicate  with 
any  other  terminal.  See  also:  Optical  link. 

Optical  density: 

A  measure  of  the  transmittance  of  an  optical  ele- 
ment expressed  by:  log10(l/T)  or  —  log10T,  where 
T  is  transmittance.  The  analogous  term  log10(l/R) 
is  called  reflection  density. 

Note.  The  higher  the  optical  density,  the  lower  the 
transmittance.  Optical  density  times  10  is  equal  to 
transmission  loss  expressed  in  decibels;  for  exam- 
ple, an  optical  density  of  0.3  corresponds  to  a 


transmission  loss  of  3  dB.  See  also:  Transmission 
loss;  Transmittance. 

Optical  detector: 

A  transducer  that  generates  an  output  signal 
when  irradiated  with  optical  power.  See  also: 
Optoelectronic. 

Optical  fiber: 

Any  filament  or  fiber,  made  of  dielectric  materi- 
als, that  guides  light,  whether  or  not  it  is  used  to 
transmit  signals.  See  also:  Fiber  bundle;  Fiber  op- 
tics; Optical  waveguide. 

Optical  fiber  cable: 

Synonym  for  Optical  cable. 

Optical  fiber  waveguide: 

Synonym  for  Optical  waveguide. 

Optical  filter: 

An  element  that  selectively  transmits  or  blocks  a 
range  of  wavelengths. 

Optical  link: 

Any  optical  transmission  channel  designed  to  con- 
nect two  end  terminals  or  to  be  connected  in  series 
with  other  channels. 

Note.  Sometimes  terminal  hardware  (e.g.,  trans- 
mitter/receiver modules)  is  included  in  the  defini- 
tion. See  also:  Optical  data  bus. 

Optical  path  length: 

In  a  medium  of  constant  refractive  index  n,  the 
product  of  the  geometrical  distance  and  the  refrac- 
tive index.  If  n  is  a  function  of  position, 

optical  path  length  =  /  nds, 

where  ds  is  an  element  of  length  along  the  path. 
Note.  Optical  path  length  is  proportional  to  the 
phase  shift  a  light  wave  undergoes  along  a  path. 
See  also:  Optical  thickness. 

Optical  power: 

Colloquial  synonym  for  Radiant  power. 

Optical  repeater: 

In  an  optical  waveguide  communication  system,  an 
optoelectronic  device  cr  module  that  receives  a  sig- 
nal, amplifies  it  (or,  in  the  case  of  a  digital  signal, 
reshapes,  retimes,  or  otherwise  reconstructs  it) 
and  retransmits  it.  See  also:  Modulation. 

Optical  spectrum: 

Generally,  the  electromagnetic  spectrum  within 
the  wavelength  region  extending  from  the  vacuum 
ultraviolet  at  40  nm  to  the  far  infrared  at  1  mm. 
See  also:  Infrared;  Light. 

Optical  thickness: 

The  physical  thickness  of  an  isotropic  optical  ele- 
ment, times  its  refractive  index.  See  also:  Optical 
path  length. 
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Optical  time  domain  reflectometry: 

A  method  for  characterizing  a  fiber  wherein  an  op- 
tical pulse  is  transmitted  through  the  fiber  and  the 
resulting  light  scattered  and  reflected  back  to  the 
input  is  measured  as  a  function  of  time.  Useful  in 
estimating  attenuation  coefficient  as  a  function  of 
distance  and  identifying  defects  and  other  local- 
ized losses.  See  also:  Rayleigh  scattering;  Scatter- 
ing. 

Optical  waveguide: 

1.  Any  structure  capable  of  guiding  optical  power. 

2.  In  optical  communications,  generally  a  fiber  de- 
signed to  transmit  optical  signals.  Synonyms: 
Lightguide;  Optical  conductor  (deprecated);  Opti- 
cal fiber  waveguide.  See  also:  Cladding;  Core;  Fiber 
bundle;  Fiber  optics;  Multimode  optical 
waveguide;  Optical  fiber;  Single  mode  waveguide; 
Tapered  fiber  waveguide. 

Optical  waveguide  connector: 

A  device  whose  purpose  is  to  transfer  optical  pow- 
er between  two  optical  waveguides  or  bundles,  and 
that  is  designed  to  be  connected  and  disconnected 
repeatedly.  See  also:  Multifiber  joint;  Optical 
waveguide  coupler. 

Optical  waveguide  coupler: 

1.  A  device  whose  purpose  is  to  distribute  optical 
power  among  two  or  more  ports.  See  also:  Star  cou- 
pler; Tee  coupler. 

2.  A  device  whose  purpose  is  to  couple  optical  power 
between  a  waveguide  and  a  source  or  detector. 

Optical  waveguide  preform: 

See  Preform. 

Optical  waveguide  splice: 

A  permanent  joint  whose  purpose  is  to  couple  opti- 
cal power  between  two  waveguides. 

Optical  waveguide  termination: 

A  configuration  or  a  device  mounted  at  the  end  of 
a  fiber  or  cable  which  is  intended  to  prevent  reflec- 
tion. See  also:  Index  matching  material. 

Optically  active  material: 

A  material  that  can  rotate  the  polarization  of  light 
that  passes  through  it. 

Note.  An  optically  active  material  exhibits  differ- 
ent refractive  indices  for  left  and  right  circular  po- 
larizations (circular  birefringence).  See  also: 
Birefringent  medium. 

Optoelectronic: 

Pertaining  to  a  device  that  responds  to  optical 
power,  emits  or  modifies  optical  radiation,  or  uti- 
lizes optical  radiation  for  its  internal  operation. 
Any  device  that  functions  as  an  electrical-to- 
optical  or  optical-to-electrical  transducer. 


Note  1.  Photodiodes,  LEDs,  injection  lasers  and  in- 
tegrated optical  elements  are  examples,  of 
optoelectronic  devices  commonly  used  in  optical 
waveguide  communications. 

Note  2.  "Electro-optical"  is  often  erroneously  used 
as  a  synonym.  See  also:  Electro-optic  effect;  Opti- 
cal detector. 

Output  angle:  * 

Synonym  for  Radiation  angle. 

Packing  fraction: 

In  a  fiber  bundle,  the  ratio  of  the  aggregate  fiber 
cross-sectional  core  area  to  the  total  cross- 
sectional  area  (usually  within  the  ferrule)  includ- 
ing cladding  and  interstitial  areas.  See  also:  Fer- 
rule; Fiber  bundle. 

Parabolic  profile: 

A  power-law  index  profile  with  the  profile  param- 
eter, g,  equal  to  2.  Synonym:  Quadratic  profile.  See 
also:  Graded  index  profile;  Multimode  optical 
waveguide;  Power-law  index  profile;  Profile  pa- 
rameter. 

Paraxial  ray: 

A  ray  that  is  close  to  and  nearly  parallel  with  the 
optical  axis. 

Note.  For  purposes  of  computation,  the  angle,  6, 
between  the  ray  and  the  optical  axis  is  small 
enough  for  sin  6  or  tan  d  to  be  replaced  by 
6  (radians).  See  also:  Light  ray. 

PCS: 

Abbreviation  for  Plastic  clad  silica. 

Peak  wavelength: 

The  wavelength  at  which  the  radiant  intensity  of 
a  source  is  maximum.  See  also:  Spectral  line;  Spec- 
tral width. 

Phase  coherence: 

See  Coherent. 

Phase  constant: 

The  imaginary  part  of  the  axial  propagation  cons- 
tant for  a  particular  mode,  usually  expressed  in  ra- 
dians per  unit  length.  See  also:  Axial  propagation 
constant. 

Phase  velocity: 

For  a  particular  mode,  the  ratio  of  the  angular  fre- 
quency to  the  phase  constant.  See  also:  Axial  prop- 
agation constant;  Coherence  time;  Group  velocity. 

Photoconductivity: 

The  conductivity  increase  exhibited  by  some  non- 
metallic  materials,  resulting  from  the  free  carri- 
ers generated  when  photon  energy  is  absorbed  in 
electronic  transitions.  The  rate  at  which  free  car- 
riers are  generated,  the  mobility  of  the  carriers, 
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and  the  length  of  time  they  persist  in  conducting 
states  (their  lifetime)  are  some  of  the  factors  that 
determine  the  amount  of  conductivity  change.  See 
also:  Photoelectric  effect. 

Photocurrent: 

The  current  that  flows  through  a  photosensitive 
device  (such  as  a  photodiode)  as  the  result  of  expo- 
sure to  radiant  power.  Internal  gain,  such  as  that 
in  an  avalanche  photodiode,  may  enhance  or  in- 
crease the  current  flow  but  is  a  distinct  mecha- 
nism. See  also:  Dark  current;  Photodiode. 

Photodiode: 

A  diode  designed  to  produce  photocurrent  by  ab- 
sorbing light.  Photodiodes  are  used  for  the  detec- 
tion of  optical  power  and  for  the  conversion  of 
optical  power  to  electrical  power.  See  also:  Ava- 
lanche photodiode  (APD);  Photocurrent;  PIN 
photodiode. 

Photoelectric  effect: 

1.  External  photoelectric  effect:  The  emission  of  elec- 
trons from  the  irradiated  surface  of  a  material. 
Synonym:  Photoemissive  effect. 

2.  Internal  photoelectric  effect:  Photoconductivity. 

Photoemissive  effect: 

Synonym  for  (external)  Photoelectric  effect. 

Photon: 

A  quantum  of  electromagnetic  energy.  The  energy 
of  a  photon  is  hv  where  h  is  Planck's  constant  and 
v  is  the  optical  frequency.  See  also:  Nonlinear  scat- 
tering; Planck's  constant. 

Photon  noise: 

Synonym  for  Quantum  noise. 

Photovoltaic  effect: 

The  production  of  a  voltage  difference  across  a  pn 
junction  resulting  from  the  absorption  of  photon 
energy.  The  voltage  difference  is  caused  by  the  in- 
ternal drift  of  holes  and  electrons.  See  also:  Pho- 
ton. 

Physical  optics: 

The  branch  of  optics  that  treats  light  propagation 
as  a  wave  phenomenon  rather  than  a  ray  phenom- 
enon, as  in  geometric  optics. 

Pigtail: 

A  short  length  of  optical  fiber,  permanently  fixed 
to  a  component,  used  to  couple  power  between  it 
and  the  transmission  fiber.  See  also:  Launching  fi- 
ber. 

PIN  photodiode: 

A  diode  with  a  large  intrinsic  region  sandwiched 
between  p-  and  n-doped  semiconducting  regions. 
Photons  absorbed  in  this  region  create  electron- 


hole  pairs  that  are  then  separated  by  an  electric 
field,  thus  generating  an  electric  current  in  a  load 
circuit. 

Planck's  constant: 

The  number  h  that  relates  the  energy  E  of  a  pho- 
ton with  the  frequency  v  of  the  associated  wave 
through  the  relation  E  =  hi>.  h  =  6.626  x  10-34  j oule 
second.  See  also:  Photon. 

Plane  wave: 

A  wave  whose  surfaces  of  constant  phase  are  infi- 
nite parallel  planes  normal  to  the  direction  of 
propagation. 

Plastic  clad  silica  fiber: 

An  optical  waveguide  having  silica  core  and  plastic 
cladding. 

Power: 

See  Irradiance;  Radiant  intensity;  Radiant  power. 

Power  density: 

Colloquial  synonym  for  Irradiance. 

Power-law  index  profile: 

A  class  of  graded  index  profiles  characterized  by 
the  following  equations: 

n(r)    =    ni(l-2A(r/a)g)1/2  r<a 

n(r)  =  n2  =  n^l^A)172  r>a 


where  A  =  —  tt^ 

2nf 

where  n(r)  is  the  refractive  index  as  a  function  of 
radius,  nj  is  the  refractive  index  on  axis,  n2  is  the 
refractive  index  of  the  homogeneous  cladding,  a  is 
the  core  radius,  and  g  is  a  parameter  that  defines 
the  shape  of  the  profile. 

Note  1.  a  is  often  used  in  place  of  g.  Hence,  this 
is  sometimes  called  an  alpha  profile. 
Note  2.  For  this  class  of  profiles,  multimode  distor- 
tion is  smallest  when  g  takes  a  particular  value  de- 
pending on  the  material  used.  For  most  materials, 
this  optimum  value  is  around  2.  When  g  increases 
without  limit,  the  profile  tends  to  a  step  index  pro- 
file. See  also:  Graded  index  profile;  Mode  volume; 
Profile  parameter;  Step  index  profile. 

Preform: 

A  glass  structure  from  which  an  optical  fiber 
waveguide  may  be  drawn.  See  also:  Chemical  va- 
por deposition  technique;  Ion  exchange  technique; 
Optical  blank. 

Primary  coating: 

The  material  in  intimate  contact  with  the  cladding 
surface,  applied  to  preserve  the  integrity  of  that 
surface.  See  also:  Cladding. 
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Profile: 

See  Graded  index  profile;  Index  profile;  Parabolic 
profile;  Power-law  index  profile;  Step  index  pro- 
file. 

Profile  dispersion: 

1.  In  an  optical  waveguide,  that  dispersion  attribut- 
able to  the  variation  of  refractive  index  contrast 
with  wavelength,  where  contrast  refers  to  the  dif- 
ference between  the  maximum  refractive  index  in 
the  core  and  the  refractive  index  of  the  homoge- 
neous cladding.  Profile  dispersion  is  usually  char- 
acterized by  the  profile  dispersion  parameter, 
defined  by  the  following  entry. 

2.  In  an  optical  waveguide,  that  dispersion  attribut- 
able to  the  variation  of  refractive  index  profile 
with  wavelength.  The  profile  variation  has  two 
contributors:  (a)  variation  in  refractive  index  con- 
trast, and  (b)  variation  in  profile  parameter.  See 
also:  Dispersion;  Distortion;  Refractive  index  pro- 
file. 

Profile  dispersion  parameter  (P): 


n:  X  dA 
%  A  dX 


where  n1;  Nj  are,  respectively,  the  refractive  and 
group  indices  of  the  core,  and  n^l  —  2A  is  the  re- 
fractive index  of  the  homogeneous  cladding, 
N1  =  n1  — X(dn1/dX),  and  A  is  the  refractive  index 
constant.  Sometimes  it  is  defined  with  the  factor 
(-2)  in  the  numerator.  See  also:  Dispersion. 

Profile  parameter: 

The  shape-defining  parameter,  g,  for  a  power-law 
index  profile.  See  also:  Power-law  index  profile; 
Refractive  index  profile. 

Propagation  constant: 

For  an  electromagnetic  field  mode  varying 
sinusoidally  with  time  at  a  given  frequency,  the 
logarithmic  rate  of  change,  with  respect  to  dis- 
tance in  a  given  direction,  of  the  complex  ampli- 
tude of  any  field  component. 
Note.  The  propagation  constant  is  a  complex  quan- 
tity. 

Pulse  broadening: 

An  increase  in  pulse  duration. 
Note.  Pulse  broadening  may  be  specified  by  the 
impulse  response,  the  root-mean-square  pulse 
broadening,  or  the  full-duration-half-maximum 
pulse  broadening.  See  also:  Impulse  response; 
Root-mean-square  pulse  broadening;  Full  width 
(duration)  half  maximum. 

Pulse  distortion: 

See  Distortion. 

Pulse  duration: 

The  time  between  a  specified  reference  point  on 
the  first  transition  of  a  pulse  waveform  and  a  sim- 
ilarly specified  point  on  the  last  transition.  The 
time  between  the  10%,  50%,  or  1/e  points  is  com- 
monly used,  as  is  the  rms  pulse  duration.  See  also: 
Root-mean-square  pulse  duration. 


Pulse  length: 

Often  erroneously  used  as  a  synonym  for  Pulse  du- 
ration. 

Pulse  width: 

Often  erroneously  used  as  a  synonym  for  Pulse  du- 
ration. 

Quadratic  profile: 

Synonym  for  Parabolic  profile. 

Quantum  efficiency: 

In  an  optical  source  or  detector,  the  ratio  of  output 
quanta  to  input  quanta.  Input  and  output  quanta 
need  not  both  be  photons. 

Quantum  noise: 

Noise  attributable  to  the  discrete  or  particle  na- 
ture of  light.  Synonym:  Photon  noise. 

Quantum-noise-limited  operation: 

Operation  wherein  the  minimum  detectable  signal 
is  limited  by  quantum  noise.  See  also:  Quantum 
noise. 

Radiance: 

Radiant  power,  in  a  given  direction,  per  unit  solid 
angle  per  unit  of  projected  area  of  the  source,  as 
viewed  from  that  given  direction.  Radiance  is  ex- 
pressed in  watts  per  steradian  per  square  meter. 
See  also:  Brightness;  Conservation  of  radiance; 
Radiometry. 

Radiant  emittance: 

Radiant  power  emitted  into  a  full  sphere  (4ir  stera- 
dians)  by  a  unit  area  of  a  source;  expressed  in 
watts  per  square  meter.  Synonym:  Radiant 
exitance.  See  also:  Radiometry. 

Radiant  energy: 

Energy  that  is  transferred  via  electromagnetic 
waves,  i.e.,  the  time  integral  of  radiant  power;  ex- 
pressed in  joules.  See  also:  Radiometry. 

Radiant  exitance: 

Synonym  for  Radiant  emittance. 

Radiant  flux: 

Synonym  for  Radiant  power  (obsolete). 

Radiant  incidance: 

See  Irradiance. 


Radiant  intensity: 

Radiant  power  per  unit  solid  angle,  expressed  in 
watts  per  steradian.  See  also:  Intensity;  Radiome- 


try. 


Radiant  power: 

The  time  rate  of  flow  of  radiant  energy,  expressed 
in  watts.  The  prefix  is  often  dropped  and  the  term 
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"power"  is  used.  Colloquial  synonyms:  Flux;  Opti- 
cal power;  Power;  Radiant  flux.  See  also:  Radiome- 
try. 

Radiation  angle: 

Half  the  vertex  angle  of  the  cone  of  light  emitted 
by  a  fiber. 

Note.  The  cone  is  usually  defined  by  the  angle  at 
which  the  far-field  irradiance  has  decreased  to  a 
specified  fraction  of  its  maximum  value  or  as  the 
cone  within  which  can  be  found  a  specified  fraction 
of  the  total  radiated  power  at  any  point  in  the  far 
field.  Synonym:  Output  angle.  See  also:  Accep- 
tance angle;  Far-field  region;  Numerical  aperture. 

Radiation  mode: 

In  an  optical  waveguide,  a  mode  whose  fields  are 
transversely  oscillatory  everywhere  external  to 
the  waveguide,  and  which  exists  even  in  the  limit 
of  zero  wavelength.  Specifically,  a  mode  for  which 

0  <  [n2(a)k2-(fi/a)2]1/2 


where  (3  is  the  imaginary  part  (phase  term)  of  the 
axial  propagation  constant,  £  is  the  azimuthal  in- 
dex of  the  mode,  n(a)  is  the  refractive  index  at 
r  =  a,  the  core  radius,  and  k  is  the  free-space 
wavenumber,  2ir/\,  where  X  is  the  wavelength.  Ra- 
diation modes  correspond  to  refracted  rays  in  the 
terminology  of  geometric  optics.  Synonym:  Un- 
bound mode.  See  also:  Bound  mode;  Leaky  mode; 
Mode;  Refracted  ray. 

Radiation  pattern: 

Relative  power  distribution  as  a  function  of  posi- 
tion or  angle. 

Note  1.  Near-field  radiation  pattern  describes  the 
radiant  emittance  (W»m~2)  as  a  function  of  posi- 
tion in  the  plane  of  the  exit  face  of  an  optical  fiber. 
Note  2.  Far-field  radiation  pattern  describes  the 
irradiance  as  a  function  of  angle  in  the  far  field 
region  of  the  exit  face  of  an  optical  fiber. 
Note  3.  Radiation  pattern  may  be  a  function  of  the 
length  of  the  waveguide,  the  manner  in  which  it 
is  excited,  and  the  wavelength.  See  also:  Far-field 
region;  Near-field  region. 
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Radiometry: 

The  science  of  radiation  measurement.  The  basic 
quantities  of  radiometry  are  listed  below. 


RADIOMETRIC  TERMS 


TERM  NAME 

SYMBOL 

QUANTITY 

UNIT 

Radiant  energy 

Q 

Energy 

joule  (J) 

Radiant  power 
Synonym:  Optical 
power 

0 

Power 

watt  (W) 

Irradiance 

E 

Power  incident 
per  unit  area 
(irrespective  of 
angle) 

Wm  * 

Spectral  irradiance 

Ex 

Irradiance  per 
unit  wavelength 
interval  at  a 
given  wavelength 

fir        —2  —1 

Wm    -nm  1 

Radiant  emittance 
Synonym:  Radiant 
excitance 

W 

Power  emitted 
(into  a  full 
sphere)  per  unit 
area 

W-m"2 

Radiant  intensity 

I 

Power  per  unit 
solid  angle 

W-sr-1 

Radiance 

L 

Power  per  unit 
angle  per  unit 
projected  area 

W-sr-1-m-2 

Spectral  radiance 

Lx 

Radiance  per 
unit  wavelength 
interval  at  a 
given  wavelength 

Wsr_1-m_2-nm_ 
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Ray: 

See  Light  ray. 

Rayleigh  scattering: 

Light  scattering  by  refractive  index  fluctuations 
(inhomogeneities  in  material  density  or  composi- 
tion) that  are  small  with  respect  to  wavelength. 
The  scattered  field  is  inversely  proportional  to  the 
fourth  power  of  the  wavelength.  See  also:  Material 
scattering;  Scattering;  Waveguide  scattering. 

Reference  surface: 

That  surface  of  an  optical  fiber  which  is  used  to 
contact  the  transverse-alignment  elements  of  a 
component  such  as  a  connector.  For  various  fiber 
types,  the  reference  surface  might  be  the  fiber 
core,  cladding,  or  buffer  layer  surface. 
Note.  In  certain  cases  the  reference  surface  may 
not  be  an  integral  part  of  the  fiber.  See  also:  Fer- 
rule; Optical  waveguide  connector. 

Reflectance: 

The  ratio  of  reflected  power  to  incident  power. 
Note.  In  optics,  frequently  expressed  as  optical 
density  or  as  a  percent;  in  communication  applica- 
tions, generally  expressed  in  dB.  Reflectance  may 
be  defined  as  specular  or  diffuse,  depending  on  the 
nature  of  the  reflecting  surface.  Formerly:  "reflec- 
tion." See  also:  Reflection. 

Reflection: 

The  abrupt  change  in  direction  of  a  light  beam  at 
an  interface  between  two  dissimilar  media  so  that 
the  light  beam  returns  into  the  medium  from 
which  it  originated.  Reflection  from  a  smooth  sur- 
face is  termed  specular,  whereas  reflection  from 
a  rough  surface  is  termed  diffuse.  See  also:  Critical 
angle;  Reflectance;  Reflectivity;  Total  internal  re- 
flection. 

Reflectivity: 

The  reflectance  of  the  surface  of  a  material  so 
thick  that  the  reflectance  does  not  change  with  in- 
creasing thickness;  the  intrinsic  reflectance  of  the 
surface,  irrespective  of  other  parameters  such  as 
the  reflectance  of  the  rear  surface.  No  longer  in 
common  usage.  See  also:  Reflectance. 

Refracted  near-field  scanning  method: 

See  Refracted  ray  method. 

Refracted  ray: 

In  an  optical  waveguide,  a  ray  that  is  refracted 
from  the  core  into  the  cladding.  Specifically  a  ray 
at  radial  position  r  having  direction  such  that 


n2(r)  -  n2(a) 


1 


(r/a)2cos2(/>(r) 


<  sin2  0  (r) 


where  0(r)  is  the  azimuthal  angle  of  projection  of 
the  ray  on  the  transverse  plane,  0(r)  is  the  angle 


the  ray  makes  with  the  waveguide  axis,  n(r)  is  the 
refractive  index,  n(a)  is  the  refractive  index  at  the 
core  radius,  and  a  is  the  core  radius.  Refracted 
rays  correspond  to  radiation  modes  in  the  termi- 
nology of  mode  descriptors.  See  also:  Cladding  ray; 
Guided  ray;  Leaky  ray;  Radiation  mode. 

Refracted  ray  method: 

The  technique  for  measuring  the  index  profile  of 
an  optical  fiber  by  scanning  the  entrance  face  with 
the  vertex  of  a  high  numerical  aperture  cone  and 
measuring  the  change  in  power  of  refracted 
(unguided)  rays.  Synonym:  Refracted  near-field 
scanning  method.  See  also:  Refraction;  Refracted 
ray. 

Refraction: 

The  bending  of  a  beam  of  light  in  transmission 
through  an  interface  between  two  dissimilar  me- 
dia or  in  a  medium  whose  refractive  index  is  a  con- 
tinuous function  of  position  (graded  index 
medium).  See  also:  Angle  of  deviation;  Refractive 
index  (of  a  medium). 

Refractive  index  (of  a  medium): 

Denoted  by  n,  the  ratio  of  the  velocity  of  light  in 
vacuum  to  the  phase  velocity  in  the  medium.  Syn- 
onym: Index  of  refraction.  See  also:  Cladding; 
Core;  Critical  angle;  Dispersion;  Fresnel  reflec- 
tion; Fused  silica;  Graded  index  optical  waveguide; 
Group  index;  Index  matching  material;  Index  pro- 
file; Linearly  polarized  mode;  Material  dispersion; 
Mode;  Normalized  frequency;  Numerical  aperture; 
Optical  path  length;  Power-law  index  profile;  Pro- 
file dispersion;  Scattering;  Step  index  optical 
waveguide;  Weakly  guiding  fiber. 

Refractive  index  contrast: 

Denoted  by  A,  a  measure  of  the  relative  difference 
in  refractive  index  of  the  core  and  cladding  of  a  fi- 
ber, given  by 

A  =  (nf  —  n|)  /  2nf 

where  nj  and  n2  are,  respectively,  the  maximum  re- 
fractive index  in  the  core  and  the  refractive  index 
of  the  homogeneous  cladding. 

Refractive  index  profile: 

The  description  of  the  refractive  index  along  a  fi- 
ber diameter.  See  also:  Graded  index  profile;  Para- 
bolic profile;  Power-law  index  profile;  Profile 
dispersion;  Profile  dispersion  parameter;  Profile 
parameter;  Step  index  profile. 

Regenerative  repeater: 

A  repeater  that  is  designed  for  digital  transmis- 
sion. Synonym:  Regenerator.  See  also:  Optical  re- 
peater. 

Regenerator: 

Synonym  for  Regenerative  repeater. 
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Repeater: 

See  Optical  repeater. 

Resonant  cavity: 

See  Optical  cavity. 

Responsivity: 

The  ratio  of  an  optical  detector's  electrical  output 
to  its  optical  input,  the  precise  definition  depend- 
ing on  the  detector  type;  generally  expressed  in 
amperes  per  watt  or  volts  per  watt  of  incident  ra- 
diant power. 

Note.  "Sensitivity"  is  often  incorrectly  used  as  a 
synonym. 

rms  pulse  duration: 

See  Root-mean-square  (rms)  pulse  duration. 

Root-mean-square  (rms)  deviation: 

A  single  quantity  characterizing  a  function  given, 
for  f(x),  by 

00 

"rms  =  [1/M0  /    (X-Mi)2  f(X)  dx]1/2 

CO 

oo 

where  M0  =  J  f(x)dx 

—  oo 
oo 

Mi  =  1/M„  J  xf(x)dx 

—  oo 


Note.  The  term  rms  deviation  is  also  used  in  proba- 
bility and  statistics,  where  the  normalization,  M0, 
is  unity.  Here,  the  term  is  used  in  a  more  general 
sense.  See  also:  Impulse  response;  Root-mean- 
square  (rms)  pulse  broadening;  Root-mean-square 
(rms)  pulse  duration;  Spectral  width. 

Root-mean-square  (rms)  pulse  broadening: 

The  temporal  rms  deviation  of  the  impulse  re- 
sponse of  a  system.  See  also:  Root-mean-square 
(rms)  deviation;  Root-mean-square  (rms)  pulse 
duration. 

Root-mean-square  (rms)  pulse  duration: 

A  special  case  of  root-mean-square  deviation 
where  the  independent  variable  is  time  and  f(t)  is 
pulse  waveform.  See  also:  Root-mean-square  devi- 
ation. 

Scattering: 

The  change  in  direction  of  light  rays  or  photons 
after  striking  a  small  particle  or  particles.  It  may 
also  be  regarded  as  the  diffusion  of  a  light  beam 
caused  by  the  inhomogeneity  of  the  transmitting 
medium.  See  also:  Leaky  modes;  Material  scatter- 
ing; Mode;  Nonlinear  scattering;  Rayleigh  scatter- 


ing; Refractive  index  (of  a  medium);  Unbound 
mode;  Waveguide  scattering. 

Semiconductor  laser: 

Synonym  for  Injection  laser  diode  (ILD). 

Sensitivity: 

Imprecise  synonym  for  Responsivity.  In  optical 
system  receivers,  the  minimum  power  required  to 
achieve  a  specified  quality  of  performance  in 
terms  of  output  signal-to-noise  ratio  or  other  mea- 
sure. 

Shot  noise: 

Noise  caused  by  current  fluctuations  due  to  the 
discrete  nature  of  charge  carriers  and  random 
and/or  unpredictable  emission  of  charged 
particles  from  an  emitter. 

Note.  There  is  often  a  (minor)  inconsistency  in  re- 
ferring to  shot  noise  in  an  optical  system:  many 
authors  refer  to  shot  noise  loosely  when  speaking 
of  the  mean  square  shot  noise  current  (amp2)  rath- 
er than  noise  power  (watts).  See  also:  Quantum 
noise. 

Single  mode  optical  waveguide: 

An  optical  waveguide  in  which  only  the  lowest  or- 
der bound  mode  (which  may  consist  of  a  pair  of  or- 
thogonally polarized  fields)  can  propagate  at  the 
wavelength  of  interest.  In  step  index  guides,  this 
occurs  when  the  normalized  frequency,  V,  is  less 
than  2.405.  For  power-law  profiles,  single  mode  op- 
eration occurs  for  normalized  frequency,  V,  less 
than  approximately  2.405  \/(g+2)/g,  where  g  is 
the  profile  parameter. 

Note.  In  practice,  the  orthogonal  polarizations 
may  not  be  associated  with  degenerate  modes. 
Synonym:  Monomode  optical  waveguide.  See  also: 
Bound  mode;  Mode;  Multimode  optical  waveguide; 
Normalized  frequency;  Power-law  index  profile; 
Profile  parameter;  Step  index  optical  waveguide. 

Skew  ray: 

A  ray  that  does  not  intersect  the  optical  axis  of  a 
system  (in  contrast  with  a  meridional  ray).  See 
also:  Axial  ray;  Geometric  optics;  Hybrid  mode; 
Meridional  ray;  Optical  axis;  Paraxial  ray. 

Slab  interferometry: 

The  method  for  measuring  the  index  profile  of  an 
optical  fiber  by  preparing  a  thin  sample  that  has 
its  faces  perpendicular  to  the  axis  of  the  fiber,  and 
measuring  its  index  profile  by  interferometry. 
Synonym:  Axial  slab  interferometry.  See  also:  In- 
terferometer. 

Source  efficiency: 

The  ratio  of  emitted  optical  power  of  a  source  to 
the  input  electrical  power. 

Spatial  coherence: 

See  Coherent. 
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Spatially  aligned  bundle: 

See  Aligned  bundle. 

Spatially  coherent  radiation: 

See  Coherent. 

Specific  detectivity: 

Synonym  for  D*. 

Speckle  noise: 

Synonym  for  Modal  noise. 

eckle  pattern: 

A  power  intensity  pattern  produced  by  the  mutual 
interference  of  partially  coherent  beams  that  are 
subject  to  minute  temporal  and  spatial  fluctua- 
tions. 

Note.  In  a  multimode  fiber,  a  speckle  pattern  re- 
sults from  a  superposition  of  mode  field  patterns. 
If  the  relative  modal  group  velocities  change  with 
time,  the  speckle  pattern  will  also  change  with 
time.  If,  in  addition,  differential  mode  attenuation 
is  experienced,  modal  noise  results.  See  also:  Mod- 
al noise. 

Spectral  irradiance: 

Irradiance  per  unit  wavelength  interval  at  a  given 
wavelength,  expressed  in  watts  per  unit  area  per 
unit  wavelength  interval.  See  also:  Irradiance;  Ra- 
diometry. 

Spectral  line: 

A  narrow  range  of  emitted  or  absorbed  wave- 
lengths. See  also:  Line  source;  Line  spectrum;  Mo- 
nochromatic; Spectral  width. 

Spectral  radiance: 

Radiance  per  unit  wavelength  interval  at  a  given 
wavelength,  expressed  in  watts  per  steradian  per 
unit  area  per  wavelength  interval.  See  also:  Radi- 
ance; Radiometry. 

Spectral  responsivity: 

Responsivity  per  unit  wavelength  interval  at  a  giv- 
en wavelength.  See  also:  Responsivity. 

Spectral  width: 

A  measure  of  the  wavelength  extent  of  a  spectrum. 
Note  1.  One  method  of  specifying  the  spectral 
linewidth  is  the  full  width  at  half  maximum 
(FWHM),  specifically  the  difference  between  the 
wavelengths  at  which  the  magnitude  drops  to  one- 
half  of  its  maximum  value.  This  method  may  be 
difficult  to  apply  when  the  line  has  a  complex 
shape. 

Note  2.  Another  method  of  specifying  spectral 
width  is  a  special  case  of  root-mean-square  devia- 
tion where  the  independent  variable  is  wavelength 
(X),  and  f(X)  is  a  suitable  radiometric  quantity.  See 
also:  Root-mean-square  (rms)  deviation. 


A^ote  3.  The  relative  spectral  width  (AX)/A  is  fre- 
quently used,  where  AX  is  obtained  according  to 
Note  1  or  Note  2.  See  also:  Coherence  length;  Line 
spectrum;  Material  dispersion; 

Spectral  window: 

A  wavelength  region  of  relatively  high  transmit- 
tance,  surrounded  by  regions  of  low  transmit- 
tance.  Synonym:  Transmission  window. 

Spectrum: 

See  Optical  spectrum. 

Specular  reflection: 

See  Reflection. 

Splice: 

See  Optical  waveguide  splice. 

Splice  loss: 

See  Insertion  loss. 

Spontaneous  emission: 

Radiation  emitted  when  the  internal  energy  of  a 
quantum  mechanical  system  drops  from  an  excit- 
ed level  to  a  lower  level  without  regard  to  the  si- 
multaneous presence  of  similar  radiation. 
Note.  Examples  of  spontaneous  emission  include: 
1)  radiation  from  an  LED,  and  2)  radiation  from 
an  injection  laser  below  the  lasing  threshold.  See 
also:  Injection  laser  diode;  Light  emitting  diode; 
Stimulated  emission;  Superradiance. 

Star  coupler: 

A  passive  device  in  which  power  from  one  or  sever- 
al input  waveguides  is  distributed  amongst  a  larg- 
er number  of  output  optical  waveguides.  See  also: 
Optical  combiner;  Tee  coupler. 

Steady-state  condition: 

Synonym  for  Equilibrium  mode  distribution. 

Step  index  optical  waveguide: 

An  optical  waveguide  having  a  step  index  profile. 
See  also:  Step  index  profile. 

Step  index  profile: 

A  refractive  index  profile  characterized  by  a  uni- 
form refractive  index  within  the  core  and  a  sharp 
decrease  in  refractive  index  at  the  core-cladding 
interface. 

Note.  This  corresponds  to  a  power-law  profile  with 
profile  parameter,  g,  approaching  infinity.  See 
also:  Critical  angle;  Dispersion;  Graded  index  pro- 
file; Mode  volume;  Multimode  optical  waveguide; 
Normalized  frequency;  Optical  waveguide;  Refrac- 
tive index  (of  a  medium);  Total  internal  reflection. 

Stimulated  emission: 

Radiation  emitted  when  the  internal  energy  of  a 
quantum  mechanical  system  drops  from  an  excit- 
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ed  level  to  a  lower  level  when  induced  by  the  pres- 
ence of  radiant  energy  at  the  same  frequency.  An 
example  is  the  radiation  from  an  injection  laser 
diode  above  lasing  threshold.  See  also:  Spontane- 
ous emission. 

Superluminescent  LED: 

An  emitter  based  on  stimulated  emission  with  am- 
plification but  insufficient  feedback  for  oscillation 
to  build  up.  See  also:  Spontaneous  emission; 
Stimulated  emission. 

Superradiance: 

Amplification  of  spontaneously  emitted  radiation 
in  a  gain  medium,  characterized  by  moderate  line 
narrowing  and  moderate  directionality. 
Note.  This  process  is  generally  distinguished  from 
lasing  action  by  the  absence  of  positive  feedback 
and  hence  the  absence  of  well-defined  modes  of  os- 
cillation. See  also:  Laser;  Spontaneous  emission; 
Stimulated  emission. 

Surface  wave: 

A  wave  that  is  guided  by  the  interface  between  two 
different  media  or  by  a  refractive  index  gradient 
in  the  medium.  The  field  components  of  the  wave 
may  exist  (in  principle)  throughout  space  (even  to 
infinity)  but  become  negligibly  small  within  a  fi- 
nite distance  from  the  interface. 
Note.  All  guided  modes,  but  not  radiation  modes, 
in  an  optical  waveguide  belong  to  a  class  known 
in  electromagnetic  theory  as  surface  waves. 

rap 

A  device  for  extracting  a  portion  of  the  optical  sig- 
nal from  a  fiber. 

Tapered  fiber  waveguide: 

An  optical  waveguide  whose  transverse  dimen- 
sions vary  monotonically  with  length.  Synonym: 
Tapered  transmission  line. 

Tapered  transmission  line: 

Synonym  for  Tapered  fiber  waveguide. 

TE  mode: 

Abbreviation  for  Transverse  electric  mode. 
Tee  coupler: 

A  passive  coupler  that  connects  three  ports.  See 
also:  Star  coupler. 

TEM  mode: 

Abbreviation  for  Transverse  electromagnetic 
mode. 

Temporal  coherence: 

See  Coherent. 

Temporally  coherent  radiation: 

See  Coherent. 


Thin  film  waveguide: 

A  transparent  dielectric  film,  bounded  by  lower  in- 
dex materials,  capable  of  guiding  light.  See  also: 
Optical  waveguide. 

Threshold  current: 

The  driving  current  corresponding  to  lasing 
threshold.  See  also:  Lasing  threshold. 

Time  coherence: 

See  Coherent. 

TM  mode: 

Abbrevation  for  Transverse  magnetic  mode. 
Tolerance  field: 

1.  In  general,  the  region  between  two  curves  (fre- 
quently two  circles)  used  to  specify  the  tolerance 
on  component  size. 

2.  When  used  to  specify  fiber  cladding  size,  the  annu- 
lar region  between  the  two  concentric  circles  of  di- 
ameter  D  +  AD  and  D-AD.  The  first 
circumscribes  the  outer  surface  of  the  homoge- 
neous cladding;  the  second  (smaller)  circle  is  the 
largest  circle  that  fits  within  the  outer  surface  of 
the  homogeneous  cladding. 

3.  When  used  to  specify  the  core  size,  the  annular  re- 
gion between  the  two  concentric  circles  of  diame- 
ter d+Ad  and  d  — Ad.  The  first  circumscribes  the 
core  area;  the  second  (smaller)  circle  is  the  largest 
circle  that  fits  within  the  core  area. 

Note.  The  circles  of  definition  2  need  not  be  con- 
centric with  the  circles  of  definition  3.  See  also: 
Cladding;  Core;  Concentricity  error;  Homogeneous 
cladding. 

Total  internal  reflection: 

The  total  reflection  that  occurs  when  light  strikes 
an  interface  at  angles  of  incidence  (with  respect 
to  the  normal)  greater  than  the  critical  angle.  See 
also:  Critical  angle;  Step  index  optical  waveguide. 

Transfer  function  (of  a  device): 

The  complex  function,  H(f),  equal  to  the  ratio  of 
the  output  to  input  of  the  device  as  a  function  of 
frequency.  The  amplitude  and  phase  responses 
are,  respectively,  the  magnitude  of  H(f)  and  the 
phase  of  H(f). 

Note  1.  For  an  optical  fiber,  H(f)  is  taken  to  be  the 
ratio  of  output  optical  power  to  input  optical 
power  as  a  function  of  modulation  frequency. 
Note  2.  For  a  linear  system,  the  transfer  function 
and  the  impulse  response  h(t)  are  related  through 
the  Fourier  transform  pair,  a  common  form  of 
which  is  given  by 

00 

H(f)  =  j  h(t)  exp(i27rft)  dt 

—  oo 
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and 

oo 

h(t)  =  J  H(f)  exp(-2irft)  df 

—  oo 


where  f  is  frequency.  Often  H(f)  is  normalized  to 
H(0)  and  h(t)  to 

oo 

J  h(t)dt,  which  by  definition  is  H(0).  Synonyms: 

—  oo 

Baseband  response  function;  Frequency  response. 
See  also:  Impulse  response. 

Transmission  loss: 

Total  loss  encountered  in  transmission  through  a 
system.  See  also:  Attenuation;  Optical  density;  Re- 
flection; Transmittance. 

Transmission  window: 

Synonym  for  Spectral  window. 

Transmissivity: 

The  transmittance  of  a  unit  length  of  material,  at 
a  given  wavelength,  excluding  the  reflectance  of 
the  surfaces  of  the  material;  the  intrinsic  trans- 
mittance of  the  material,  irrespective  of  other  pa- 
rameters such  as  the  reflectances  of  the  surfaces. 
No  longer  in  common  use.  See  also:  Transmittance. 

Transmittance: 

The  ratio  of  transmitted  power  to  incident  power. 
Note.  In  optics,  frequently  expressed  as  optical 
density  or  percent;  in  communications  applica- 
tions, generally  expressed  in  dB.  Formerly  called 
"transmission."  See  also:  Antireflection  coating; 
Optical  density;  Transmission  loss. 

Transverse  electric  (TE)  mode: 

A  mode  whose  electric  field  vector  is  normal  to  the 
direction  of  propagation. 

Note.  In  an  optical  fiber,  TE  and  TM  modes  corre- 
spond to  meridional  rays.  See  also:  Meridional  ray; 
Mode. 

Transverse  electromagnetic  (TEM)  mode: 

A  mode  whose  electric  and  magnetic  field  vectors 
are  both  normal  to  the  direction  of  propagation. 
See  also:  Mode. 

Transverse  interferometry: 

The  method  used  to  measure  the  index  profile  of 
an  optical  fiber  by  placing  it  in  an  interferometer 
and  illuminating  the  fiber  transversely  to  its  axis. 
Generally,  a  computer  is  required  to  interpret  the 
interference  pattern.  See  also:  Interferometer. 


Transverse  magnetic  (TM)  mode: 

A  mode  whose  magnetic  field  vector  is  normal  to 
the  direction  of  propagation. 
Note.  In  a  planar  dielectric  waveguide  (as  within 
an  injection  laser  diode),  the  field  direction  is  par- 
allel to  the  core-cladding  interface.  In  an  optical 
waveguide,  TE  and  TM  modes  correspond  to  me- 
ridional rays.  See  also:  Meridional  ray;  Mode. 

Transverse  offset  loss: 

Synonym  for  Lateral  offset  loss. 

Transverse  propagation  constant: 

The  propagation  constant  evaluated  along  a  direc- 
tion perpendicular  to  the  waveguide  axis. 
Note.  The  transverse  propagation  constant  for  a 
given  mode  can  vary  with  the  transverse  coordi- 
nates. See  also:  Propagation  constant. 

Transverse  scattering: 

The  method  for  measuring  the  index  profile  of  an 
optical  fiber  or  preform  by  illuminating  the  fiber 
or  preform  coherently  and  transversely  to  its  axis, 
and  examining  the  far-field  irradiance  pattern.  A 
computer  is  required  to  interpret  the  pattern  of 
the  scattered  light.  See  also:  Scattering. 

Trapped  mode: 

See  Bound  mode. 

Trapped  ray: 

Synonym  for  Guided  ray. 

Tunnelling  mode: 

Synonym  for  Leaky  mode. 

Tunnelling  ray: 

Synonym  for  Leaky  ray. 

Ultraviolet  (UV): 

The  region  of  the  electromagnetic  spectrum  be- 
tween the  short  wavelength  extreme  of  the  visible 
spectrum  (about  0.4  yum)  and  0.04  |iim.  See  also:  In- 
frared; Light. 

Unbound  mode: 

Any  mode  that  is  not  a  bound  mode;  a  leaky  or  ra- 
diation mode  of  the  waveguide  Synonym:  Radia- 
tive mode.  See  also:  Bound  mode;  Cladding  mode; 
Leaky  mode. 

V  number: 

Synonym  for  Normalized  frequency. 

Visible  spectrum: 

See  Light. 

Vitreous  silica: 

Glass  consisting  of  almost  pure  silicon  dioxide 
(Si02).  Synonym:  Fused  silica.  See  also:  Fused 
quartz. 
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Wavefront: 

The  locus  of  points  having  the  same  phase  at  the 
same  time. 

Waveguide  dispersion: 

For  each  mode  in  an  optical  waveguide,  the  term 
used  to  describe  the  process  by  which  an  electro- 
magnetic signal  is  distorted  by  virtue  of  the  depen- 
dence of  the  phase  and  group  velocities  on 
wavelength  as  a  consequence  of  the  geometric 
properties  of  the  waveguide.  In  particular,  for  cir- 
cular waveguides,  the  dependence  is  on  the  ratio 
(a/X),  where  a  is  core  radius  and  X  is  wavelength. 
See  also:  Dispersion;  Distortion;  Material  disper- 
sion; Multimode  distortion;  Profile  dispersion. 


Waveguide  scattering: 

Scattering  (other  than  material  scattering)  that  is 
attributable  to  variations  of  geometry  and  index 
profile  of  the  waveguide.  See  also:  Material  scat- 
tering; Nonlinear  scattering;  Rayleigh  scattering; 
Scattering. 

Wavelength  division  multiplexing  (WDM): 

The  provision  of  two  or  more  channels  over  a  com- 
mon optical  waveguide,  the  channels  being  differ- 
entiated by  optical  wavelength. 

Weakly  guiding  fiber: 

A  fiber  for  which  the  difference  between  the  maxi- 
mum and  the  minimum  refractive  index  is  small 
(usually  less  than  1%). 

Window: 

See  Spectral  window. 
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